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Chapter  1 

Nuclear  Power  Plant  Facilities  and  Regulatory 

Guides 


1.1  General  Introduction 

A  number  of  nuclear  power  stations  exist  worldwide.  This  chapter  concentrates 
on  British,  American,  Canadian  and  European  research  and  commercial  reac- 
tors and  nuclear  power  stations.  The  directory  exists  on  the  past,  present  and 
future  planning  for  the  NPS  and  are  continuously  being  updated.  In  this 
chapter  carefully  selected  nuclear  stations  with  various  design  parameters 
have  been  clearly  dealt  with.  British  research  and  commercial  nuclear  power 
stations  are  first  named.  Various  design  and  other  parameters  are  given  with 
reasonable  artwork  explaining  the  concepts  behind  the  research  and  commer- 
cial reactor  stations.  Listings  are  provided  for  BWR,  AGR,  BHWR,  PWR  and 
FBR  types  and  others  in  major  countries  of  the  world.  Those  countries  that 
have  designed  and  supplied  the  respective  systems  are  named  together  with  the 
suppliers.  This  chapter  ends  with  relevant  references  for  those  who  can  carry 
out  an  in-depth  study  for  initiating  and  planning  of  next  generation  of  nuclear 
power  stations.  Owing  to  restrictions,  some  have  been  listed  without  explana- 
tory notes  and  designs. 


1.2  British  Commercial  Nuclear  Power  Station  -  Commissioned 
and  Non-commissioned 

1.2.1  General 

The  following  well-known  stations  have  been  constructed  and  commissioned: 

•  Berkeley  (275  MW)  -  decommissioned 

•  Bradwell  (300  MW)  -  decommissioned 

•  Latina  (200  MW) 

•  Dungeness  A  (550  MW) 

•  Dungeness  B  (500  MW) 

•  Oldbury  (600  MW)  -  decommissioned 

•  Hinkley  A  (500  MW) 
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Hinkley  B  (550  MW) 
Hartlepool  (550  MW) 
Wylfa  (550  MW) 
Sizewell  B  PWR  (1300  MW) 

Ther  are  many  others  which  are  mentioned  later  on  in  the  text. 


1.2.1.1  Berkeley  NPS 

They  have  two  units: 

Unit  1  reactor  on  power:  12  June  1962 
Unit  2  reactor  on  power:  2  November  1962 

These  are  gas-cooled  reactors,  graphite  moderated  using  natural  uranium  as 
fuel  and  are  equipped  with  one-load  charge/discharge  machinery.  Each  reactor 
is  associated  with  Ught  heat  exchangers  which  supply  steam  to  4No.  83  MW 
dual-purpose  turbo  alternators.  Plate  1.1  shows  the  pictoral  view  of  the  Berke- 
ley N.P.S.  and  Plate  1.2  gives  an  outline  of  the  sectional  elevation  of  this 
situation.  The  station  was  designed  by  TNPG  -  a  consortium  of  engineering 
firms  for  the  then  Central  Electricity  Generating  Board  (CEGB). 


Plate  1.1  A  pictoral  view  of  Berkeley  nuclear  power  station 


.2     British  Commercial  Nuclear  Power  Station 


Plate  1.2  A  sectional  elevation  of  Berkeley  nuclear  power  station 


The  station  parameters: 


Station  net  electric  output 

275  MW 

Heat  per  reactor 

560  MW 

Moderator 

Graphite 

Diameter  of  active  core 

13.1m 

Height  of  active  core 

7.45  m 

Fuel 

Natural  uranium  solid  rod  in  Magnox  can 

Rod  diameter 

27.9  mm 

Rod  length 

0.48  m 

No.  of  fuel  channels 

3265 

No.  of  fuel  elements  per  channel 

13 

Weight  of  fuel  per  reactor 

230.8  t 

Reactor  vessel 

Steel  cylinder 

Internal  diameter 

15.2m 

No.  of  standpipes        Control 

133 

Charge 

60 

Blowers 

8  per  reactor 

Coolant 

Carbon  dioxide 

Reactor  gas  inlet  temperature 

160°C 

Reactor  gas  outlet  temperature 

345°C 

Power  per  blower 

2.34  MW 

Boilers 

8  per  reactor 

Overall  height 

21.3m 

Diameter 

5.3  m 
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(continued) 


Fuel  handling 

On  load 

Turbo  alternators 

4 

Speed 

3000  rpm 

Rating 

80  MW 

Steam  conditions  (at  stop  valve) 

HP        Flow 

70.5  kg/s 

Pressure 

21.8kg/cm^abs 

Temperature 

316°C 

LP         Flow 

32.6  kg/s 

Pressure 

5.1  kg/cm"  abs 

Temperature 

316°C 

Station  status:  Completed  life  service  and  decommissioned 


1.2.1.2  Bradwell 

Bradwell  has  two  gas-cooled  grapliite-moderated  reactors  fuelled  with  natural 
uranium.  There  have  been  two  units  commercially  operated: 

Reactor  1  on  power:  1  July  1962 
Reactor  2  on  power:  12  November  1962 

Each  reactor  has  six  heat  chambers  supplying  steam  at  two  pressures  to  six 
52.4  MW  turbo  alternators.  For  on-load  refuelhng  universal  charge  and  dis- 
charge machines  are  used.  Plates  1.3  and  1 .4  show  the  pictoral  view  and  outhne 
sectional  elevation  of  the  station,  respectively. 


Plate  1.3  A  pictoral  view  of  Bradwell  nuclear  power  station  (with  compliments  of  CEGB) 
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Plate  1.4  A  sectional  elevation  of  Bradwell  nuclear  power  station  (with  compliments  of  CEGB) 


The  station  parameters: 


Station  net  electric  output 

300  MW 

Heat  per  reactor 

531  MW 

Moderator 

Graphite 

Diameter  of  active  core 

12.2  m 

Height  of  active  core 

7.90  m 

Fuel 

Natural  uranium  solid  rod  in  magnox  can 

Rod  diameter 

29.3  mm 

Rod  length 

0.91  m 

No.  of  fuel  channels 

2564 

No.  of  fuel  elements  per  channel 

8 

Weight  of  fuel  per  reactor 

239  t 

Reactor  vessel 

Steel  sphere 

Internal  diameter 

20.3  m 

No.  of  standpipes         Control 

168 

Charge 

88 

Blowers 

6  per  reactor 

Coolant 

Carbon  dioxide 

Reactor  gas  inlet  temperature 

180°C 

Reactor  gas  outlet  temperature 

390°C 

Power  per  blower 

2.47  MW 

Boilers 

6  per  reactor 

Overall  height 

28.1m 

Diameter        Top 

5.8  m 

Bottom 

6.1  m 
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Fuel  handling 

On  load 

No.  of  charge  machines 

2  per  reactor 

Main  turbo  alternators 

6 

Speed 

3000  rpm 

Rating 

52  MW 

Auxiliary  turbo  alternators  (blower 

drive)3 

3 

Speed 

3000  rpm 

Steam  conditions  (at  stop  valve) 

HP      Flow 

43.1  kg/s 

Pressure 

52.4  kg/cm^  abs 

Temperature 

371°C 

LP      Flow 

15.9  kg/s 

Pressure 

13.7  kg/cm^  abs 

Temperature 

371°C 

Station  status:  Completed  life  service 


1.2.1.3  Latina 

The  power  station  is  located  some  40  miles  south  of  Rome  and  was  designed  and 
constructed  by  TNPG  in  collaboration  with  refinements  in  the  reactor  design.  It 
is  a  single  refined  gas-cooled  graphite-moderated  reactor  which  supplies  steam 
to  3NO.70  MW  turbo  alternator. 

Reactor  on  power:  12  May  1963 

Plates  1.5  and  1.6  show  the  pictoral  view  and  outhne  sectional  elevation  of 
the  structure,  respectively. 

The  station  parameters: 


Station  net  electric  output 

200  MW 

Reactor  heat 

705  MW 

Moderator 

Graphite 

Diameter  of  active  core 

12.7m 

Height  of  active  core 

7.88m 

Fuel 

Natural  uranium  solid  rod  in  magnox  can 

Rod  diameter 

29.3  mm 

Rod  length 

0.91m 

No.  of  fuel  channels 

2929 

No.  of  fuel  elements  per  channel 

8 

Weight  of  fuel 

268 1 

Reactor  vessel 

Steel  sphere 

Internal  diameter 

20.3m 

No.  of  standpipes 

197 

Blowers 

6 
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Plate  1.5  Pictoral  view  of  Latina  (with  compliments  from  TNPG  a  part  of  Mcalpine 
consultants) 
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Plate  1.6  Outline  of  the  sectional  elevation  of  Latina 
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(continued) 


Coolant 

Carbon  dioxide 

Reactor  gas  inlet  temperature 

180°C 

Reactor  gas  outlet  temperature 

390'C 

Power  per  blower 

3.06  MW 

Boilers 

6 

Overall  height 

24.1m 

Diameter 

5.6m 

Fuel  handling 

On  load 

No.  of  charge  machines 

2 

Main  turbo  alternators 

3 

Speed 

3000  rpm 

Rating 

70  MW 

Auxiliary  turbo  alternators  (blower  drive) 

2 

Speed 

2263  rpm 

Steam  conditions  (at  stop  valve) 

HP      Flow 

57.6  kg/s 

Pressure 

52.4  kg/cm-  abs 

Temperature 

37rc 

LP      Flow 

21.1  kg/s 

Pressure 

13.7  kg/cm^  abs 

Temperature 

37rc 

Station  status:  Completed  life  service 


1.2.1.4  Dungeness  A 

The  TNPG,  a  consortium,  installed  two  gas-cooled  graphite-moderated 
type,  using  natural  uranium  as  fuel  with  on-load  refuelling.  The  number  of 
gas  circuits  has  been  reduced  to  four  back  pressure  steam  turbines  providing 
gas  circulator  drive.  The  turbine  house  contains  4No.  142.5  MW  turbo 
alternators. 

No.  1  reactor  in  power:  21  September  1965 
No.  2  reactor  in  power:  18  November  1965 

Plates  1.7  and  1.8  show  the  pictoral  view  and  the  outline  elevation  of  the 
station,  respectively. 
The  station  parameters: 


Station  net  electric  output 

550  MW 

Heat  per  reactor 

840  MW 

Moderator 

Graphite 

Diameter  of  active  core 

13.9  m 

Height  of  active  core 

7.47  m 

Fuel 

Natural  uranium  solid  rod  in  magnox  can 

Rod  diameter 

27.9  mm 

.2     British  Commercial  Nuclear  Power  Station 


Plate  1.7  A  pictoral  view  of  the  Dungeness  A  nuclear  power  station  (with  compliments  of 
CEGB) 
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Plate  1.8  Outline  of  the  sectional  elevation  of  the  Dungeness  A  nuclear  power  station  (with 
compliments  of  CEGB) 
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Rod  length 

0.972  m 

No.  of  fuel  channels 

3876 

No.  of  fuel  elements  per  channel 

7 

Weight  of  fuel  per  reactor 

300  t 

Reactor  vessel 

Steel  sphere 

Internal  diameter 

19.1m 

Blowers 

4  per  reactor 

Coolant 

Carbon  dioxide 

Reactor  gas  inlet  temperature 

250'C 

Reactor  gas  outlet  temperature 

410  C 

Power  per  blower 

7.16  MW 

Boilers 

4  per  reactor 

Overall  height 

22.9  m 

Diameter 

7.2  m 

Fuel  handling 

On  load 

No.  of  charge  machines 

2  per  reactor 

Turbo  alternators 

4 

Speed 

1500  rpm 

Rating 

142.5  MW 

Steam  conditions 

Pressure 

41.5  kg/cm^abs 

Temperature 

393"C 

Station  status:  Under  service  operation 

Commissioning  date: 
Reactor  number  1:  July  1965 
Reactor  number  2:  2  September  1965 

The  station  is  situated  on  the  coast  on  the  western  side  of  Dungeness  in  Kent. 
There  are  two  reactors,  housed  in  spherical-type  pressure  vessels  of  62.5  ft  mean 
diameter,  constructed  of  steel  plates  having  a  general  thickness  of  4  in.  Each 
reactor  has  four  boilers.  Generating  plant  comprises  four  1,500  rpm  turbo 
alternators  each  with  rated  output  of  142.5  MW  at  0.8  power  factor  (lagging). 
The  total  guaranteed  net  output  of  the  station  in  megawatts  is  planned  as 
550  MW  which  was  expected  to  be  achieved  by  the  end  of  1965. 


Location: 

Dungeness  Point  Kent 

Reactor  type: 

Magnox 

Reactor  power: 

840  MW  (Th.),  275  MW  (E)  net  from  each  of  two  reactors 

Designer: 

The  Nuclear  Power  Group 

Builder: 

The  Nuclear  Power  Group 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans 

Data  for  each 

reactor 

Number  of  elements: 

27,515  in  3932  channels. 

Total  300  t  natural  uranium 

Moderator: 

1500  t  graphite 
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(continued) 

Coolant: 

Carbon  dioxide,  outlet  temperature  410  C 

Core  size: 

24  -sided  prism:  13.83  m  diameter,  7.39  m  high 

Specific  power: 

2.78  kW/kg  uranium 

Control: 

91  bulk  rods;  9  sector  rods;  8  trim  rods  of  boron  steel  in  stainless 

steel  sheath 

Shielding: 

Biological;  167.6-289.6  cm  concrete 

(With  compliments  from  TNPG) 

1.2.1.5  Dungeness  B  Advanced  Gas-Cooled  Reactor  Station 

The  pressure  vessel  built  in  concrete,  i.e.  the  PCPV,  has  been  thoroughly 
investigated  in  this  test. 

1.2.1.6  Oldbury 

An  advancement  is  made  on  the  gas-cooled  reactor  design.  Each  of  the  two  reactor 
does  have  its  core,  boilers  and  gas  circulators  enclosed  in  a  prestressed  concrete 
pressure  vessel.  Natural  uranium  used  as  a  fuel.  In  a  turbine  house  unit  generating 
sets  are  used,  each  one  rated  at  313  MW.  It  is  four  miles  from  Berkeley. 

Both  reactors  on  power  in  1966/1967 

Plates  1.9  and  1.10  show  pictoral  view  and  an  outline  elevation  of  the  station, 
respectively. 


Plate  1.9  A  pictoral  view  of  the  Oldbury  nuclear  power  station  (with  compliments  of 
Mr.  GhalibofTNPG) 
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Plate  1.10  An  outline  sectional  elevation  of  the  Oldbury  nuclear  power  station  (with  compli- 
ments of  Mr.  Ghalib  of  TNPG) 


Station  parameters: 


Station  net  electric  output 

600  MW 

Heat  per  reactor 

892  MW 

Moderator 

Graphite 

Diameter  of  active  core 

12.8  m 

Height  of  active  core 

8.53  m 

Fuel 

Natural  uranium  solid  rod  in  Magnox  can 

Rod  diameter 

27.9  mm 

Rod  length 

0.972  m 

No.  of  fuel  channels 

3308 

No.  of  fuel  elements  per  channel 

8 

Weight  of  fuel 

292  t 

Reactor  vessel 

Prestressed  concrete  cylinder 

Internal  diameter 

23.5  m 

Internal  height 

18.3  m 

Blowers 

4  per  reactor 

Coolant 

Carbon  dioxide 

Blower  drive 

Back  pressure  steam  turbine 

Reactor  gas  inlet  temperature 

250°C 

Reactor  gas  outlet  temperature 

4irc 

Power  per  blower 

4.9  MW 

.2     British  Commercial  Nuclear  Power  Station  13 

(continued) 


Boilers 

4  annular  per  reactor 

Height  over  banks 

11  m 

Width  of  annulus 

3.1m 

Fuel  handling 

On  load 

No.  of  charge  machines 

One  per  reactor 

Turbo  alternators 

2 

Speed 

1500  rpm 

Rating 

313  MW 

Steam  conditions 

HP         Flow 

190  kg/s 

Pressure 

98.3  kg/cm^  abs 

Temperature 

393=C 

LP        Flow 

149  kg/s 

Pressure 

49.5  kg/cm-  abs 

Temperature 

393X 

Station  status:  Originally  completed  life  service 


1.2.1.7  Hinkley 

The  station  has  a  capacity  of  1300  MW  (c)  twin  reactor  of  AGR.  It  is  similar  to 
Oldbury  for  the  internal  arrangement  of  core  and  boilers.  The  significant 
features  of  the  design  are 

(a)  Gas  pressure  42.5  kg/cm^  (600  psia) 

(b)  Fully  encapsulated  gas  coolers,  removable  under  pressure 

(c)  Boiler  shield  waUs  of  calcium  hydroxide 

The  station  is  located  in  the  north  Somerset  on  the  Bristol  Channel. 

Plates  1.11  and  1.12  show  pictoral  view  and  outline  sectional  elevation  of  the 
station,  respectively. 

Station  parameters:  Similar  to  Oldbury  N.P.S. 

Recent  improvements  in  the  design  of  the  core  have  been  given  a  mean  fuel 
rating  30%  higher  than  the  figure  published  for  Dungeness  'B'.  The  reactors  are 
refuelled  on  load.  No  axial  or  radial  shuffling  of  the  fuel  is  required  during  its 
hfe  in  the  reactor. 

The  overall  performance  parameters  of  the  station  are  as  follows: 


Electrical  output  (net) 

2  X  630  MW  ( +  40  MW  from  gas  turbines) 

Reactor  heat  output 

1500  MW 

Fuel  rating 

5.14MW(e)/t 

Thermal  efficiency 

42.0% 

Station  status:  Completed  life  performance 
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Plate  1.11  A  pictoral  view  of  the  Hinkley  'B'  nuclear  power  station  (with  compliments  of 
Mr.  GhalibofTNPG) 
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Plate  1.12  A  sectional  elevation  of  the  Hinkley  'B'  Nuclear  power  station  (with  comphments 
of  Mr.  GhalibofTNPG) 


1.2     British  Commercial  Nuclear  Power  Station  15 

1.2.1.8  Other  British  Reactors:  Commercial  and  Research  Types 

General  Information 

The  reactors  mentioned  in  this  section  are  collected  from  a  number  of  sources. 
The  information  given  herein  is  for  research  and  advanced  commercial  reactors 
which  are  listed  as  under: 

Each  of  the  above  station  is  supported  by  the  respective  station  parameters. 
Some  of  them  have  completed  their  expected  life  with  the  possibility  of  demoli- 
tion or  replacement. 

Gleep 

Graphite  Low-Energy  Experiment  Pile 
Commissioning  date:  15  August  1947 

A  thermal  heterogeneous  reactor,  using  natural  uranium  as  fuel:  graphite 
moderated  and  reflected,  air  cooled. 

The  reactor  is  formed  from  a  graphite  cube  of  21  ft  (6.4m)  side  width  made 
of  682  channels.  Natural  uranium  bars  and  aluminium  clad,  are  placed  in 
these  channels  to  provide  the  fuel. 5  ft  (1.52m)  thick  barytes  concrete  forms 
biological  shield.  The  listings  of  the  other  NP  stations  are  first  listed 
underneath. 


Location: 

A  E  R  E  Harwell  Berkshire 

Reactor  type: 

Thermal,  heterogeneous 

Reactor  power: 

Variable  up  to  4.5  kW  (Th.) 

Designer: 

Ministry  of  Supply 

Builder: 

Ministry  of  Works 

Fuel  element: 

Natural  uranium  bars  in  plain  aluminium  cans 

Number  of 

1 1,594  in  682  channels,  total  32.5 1  natural  uranium 

elements: 

Moderator: 

505 1  graphite 

Coolant: 

Air  at  ambient  temperature 

Core  size: 

Cyhndrical  552  cm  diameter,  518  cm  long 

Specific  power: 

0. 14  kW/t  uranium 

Control: 

One  safety  rod  and  two  sets  of  three  shut-off  rods;  one  fine,  four 

coarse  control  rods  of  boron  carbide  in  stainless  steel  annulus 

Shielding: 

Biological:  concrete  152  cm  thick.  No  thermal  shield 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 


Bepo 


British  Experimental  Pile  Operation 
Commissioning  date:  5  July  1948 

A  thermal  heterogeneous  reactor  with  natural  or  low-enrichment  uranium  as 
fuel,  graphite  moderated  and  reflected,  air  cooled. 
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The  reacting  core  is  a  cylinder  20  ft  diameter  by  20  ft  long  and  there  are  20 
fuel  elements  in  each  of  880  channels.  Fuel  is  canned  in  aluminium,  finned  to 
improve  heat  transfer.  Air  is  drawn  at  sub-atmospheric  pressure  through  the 
core  and  is  discharged  from  a  high  chimney.  Shielding  consists  of  a  6  in.  cast 
iron  thermal  shield  and  65  ft  of  barytes  concrete. 


Location: 

A  E  R  E  Harwell  Berkshire 

Reactor  type: 

Thermal  heterogeneous 

Reactor  power: 

6  MW  (Th.) 

Designer: 

Ministry  of  Supply 

Builder: 

Ministry  of  Works 

Fuel  element: 

Natural  or  low-enriched  uranium  in  finned  aluminium  cans 

Number  of 

16,558  in  830  channels  total  39  t  natural  uranium 

elements: 

Moderator: 

863  t  graphite 

Coolant: 

Air  outlet  temperature  120°C 

Core  size: 

Cyhndrical  610  cm  diameter,  610  cm  long 

Specific  power: 

0.15  kW/kg  uranium 

Control: 

Two  vertical  shut-off  rods:  four  horizontal  control  rods  (falling  under 

gravity)  of  hollow  steel  lined  or  filled  with  boron  carbide 

Shielding 

Biological:  concrete  198  cm  thick.  Thermal:  cast  iron  15.2  cm  thick 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 

Lido 

Commissioning  date:  20  September  1956 

Thermal  heterogeneous  swimming  pool  type,  enriched  uranium  fuel,  H2O 
moderated  and  cooled. 

The  concrete  tank  has  7  ft  thick  walls  and  is  28  ft  long,  x  8  f t  wide  and  24  ft 
deep  internally  and  contains  hght  water.  Three  large  aluminium  'windows'  are 
fitted  in  the  tank  and  these  allow  heavy  shielding  experiments  to  be  set  up 
outside.  Three  beam  holes  are  also  fitted.  The  reactor  core  is  made  up  of 
uranium/aluminium  plates  clad  in  aluminium;  it  can  be  moved  through  the 
water  into  position  on  the  inner  side  of  any  window.  The  water  is  circulated  for 
coohng  and  cleaning. 


Location: 

A  E  R  E  Harwell  Berkshire 

Reactor  type: 

Thermal  heterogeneous  swimming  pool 

Reactor  power: 

100kW(Th.) 

Designer: 

UKAEA 

Builder: 

Vickers  Armstrong 

Fuel  element: 

MTR-type  curved  plates  46%  enriched  uranium  alloyed  with 

aluminium;  clad  in  aluminium 

Number  of 

22  standard  elements,  4  control  rod  elements,  a  few  partial  elements. 

elements: 

total  3.47  kg  U-235 

Moderator: 

155,000  1  deminerahsed  water 
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Coolant: 
Core  size: 
Specific  power: 
Control: 

Sliielding: 


Water  outlet  temperature  (core)  45"C 
Rectangular  prism  46  cm  square,  63.5  cm  high 
29  kW/kg  U-235 

Two  safety  rods,  one  shim  rod;  one  regulating  rod  of  cadmium  strip 
clad  in  stainless  steel,  all  rods  operating  in  special  fuel  elements 
The  water  is  contained  in  a  concrete  tank  213  cm  thick 


(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 


Dido  Pluto  DMTR 

The  authority  has  three  Material  Testing  Reactors  essentially  of  the  same 
design:  Dido  and  Pluto  at  Harwell  and  DMTR  at  Dounreay.  Their  main 
purpose  is  to  test  fuel,  coolants  and  materials  which  may  be  used  in  future 
rectors,  principally  to  study  the  effects  of  radiations  under  reactor  conditions. 
Dido  and  Pluto  are  also  used  for  the  production  of  isotopes  of  high  specific 
activity  and  for  research  in  physics,  chemistry  and  metallurgy. 

Dido:  Deuterium  oxide-moderated  reactor  i.e.  D2O  or  DDO 

Pluto:  Loop  Testing  Reactor 

Commissioning  dates: 

Dido:  7  November  1956 

Pluto:  28  October  1957 


Location: 

Dido  and  Pluto:  A  E  R  E  Harwell  Berkshire 

Reactor  type: 

Thermal  heterogeneous,  MTR 

Reactor  power: 

15MW(Th.) 

Designer: 

UKAEA 

Builder: 

Head  Wrightson  Processes  Ltd. 

MTR-type  plates  80%  enriched  uranium  alloyed  with  aluminium; 

Fuel  element: 

clad  in  aluminium 

Number  of 

Dido:  25  arranged  in  rows  4,  6,  5.  6,  4  Total  3.75  kg  U-235 

elements: 

Pluto:  26  arranged  in  rows  4,  6,  6,  6,  4  Total  3.9  kg  U-235 

Moderator: 

10  nt  D2O 

Coolant: 

D2O  outlet  temperature  53°C  (bulk) 

Core  size: 

Approximate  vertical  cylinder,  61  cm  high 

Dido:  equivalent  diameter  84  cm 

Pluto:  equivalent  diameter  87.5  cm 

Specific  power: 

Dido:  4,000  kW/kg  U-235 

Pluto:  3,850,000  kW/kg  U-235 

Control: 

Coarse  control/shut-off  six  anns  (Pluto  seven  arms)  cadmium  in 

stainless  steel  sheath,  two  vertical  safety  rods,  one  vertical  fine  control  rod 

of  cadmium  in  stainless  steel  tubes,  D2O  reflector  dumping 

Shielding: 

Dido:  0.65  cm  boral,  10.2  cm  lead  (water  cooled)  surrounded  by 

1 52  cm  barytes  concrete 

Pluto:  0.65  cm  boral,  10.2  cm  lead  (water  cooled)  about  45  cm,  iron 

shot  concrete  (variable  thickness)  followed  by  not  less  than  120  cm  of 

barytes  concrete 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 
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Horace 

H2O  Reacot  Aldermaston  Critical  Experiment 

Commissioning  date:  May  1958 

A  zero  energy  reactor,  H2O  moderated,  with  MTR-type  fuel 

The  reactor  core  is  a  duphcate  of  the  research  reactor  Herald  core  and  is  used 
for  reactivity  measurements  required  for  the  operation  of  Herald  and  the  safety 
assessment  of  experiments. 


Location: 

A  W  R  E  Aldermaston  Berkshire 

Reactor  type: 

Thermal  heterogeneous  swimming  pool 

Reactor  power: 

5  MW  (Th.) 

Designer: 

UKAEA 

Builder: 

A  W  R  E  Aldermaston 

Fuel  element: 

80%  enriched  U-235  in  uranium-aluminium  alloy  in  aluminium  plates 

Number  of 

Up  to  70  in  various  configurations  made  up  of  elements,  beryllium 

elements: 

reflectors  and  mock-ups  of  incore  rigs 

Moderator: 

Light  water 

Coolant: 

Light  water 

Core  size: 

Maximum  approximately  68.6  cm  x  58.4  cm  x  61  cm  high 

Specific  power: 

Zero  energy 

Control: 

six  flat  absorbers,  cadmium  in  stainless  steel,  with  aluminium  followers 

Shielding: 

Screening  wall  366  cm  high,  30.5  cm  thick  of  aggregate  concrete  blocks 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 


Herald 


Location: 

A  W  R  E  Aldermaston  Berkshire 

Reactor  type: 

Thermal  heterogeneous  swimming  pool 

Reactor  power: 

5  MW  (Th.) 

Designer: 

A  E  1-John  Thompson  Nuclear  Energy  Co.  Ltd.  and  AWRE 

Builder: 

A  E  1-John  Thompson  Nuclear  Energy  Co.  Ltd. 

Fuel  element: 

Aluminium  MTR  type  14  fuel  plates  per  element 

Number  of 

Up  to  50  fuel  elements,  total  6  kg  U-235 

elements: 

Moderator: 

Light  water 

Coolant: 

Light  water  up  to  50°C 

Core  size: 

68.6  cm  X  58.4  cm  x  61  cm  high 

Specific  power: 

800  kW/kg  U-235 

Control: 

Six  flat  cadmium  sheet  absorbers  in  stainless  steel  with  aluminium 

followers  operating  together 

Shielding: 

Biological:  61  cm  iron  shot  concrete  and  122  cm  barytes  concrete 

Thermal:  10.2  cm  lead  cast  in  aluminium  segments 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 
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Zenith 

Zero  Energy  Nitrogen-Heated  Thermal  Reactor 
Commissioning  date:  December  1959 

A  thermal,  near-homogeneous,  reactor  with  variable  fuel-graphite  moder- 
ated and  reflected.  Nitrogen  is  used  as  heating  gas. 

Zenith  is  designed  for  the  study  of  the  physics  of  high-temperature  gas-cooled 
systems.  Circulation  of  nitrogen  gas  over  a  250  kW  heater  at  the  base  of  the  core 
allows  the  core  and  side  reflector  regions  to  be  heated  to  800°C  and  400°C 
respectively. 


Location: 

A  E  E  Winfirth  Dorset 

Reactor  type: 

Thermal  near-heterogeneous  variable  fuel 

Reactor  power: 

Zero  energy  [max.  200  W  (Th.)] 

Designer: 

UKAE  and  General  Electric  Company  Ltd. 

Builder: 

General  Electric  Company  Ltd. 

Fuel  element: 

93%  enriched  uranium  or  plutonium  alloy  containing  97.5%  Pu-239, 

2.4%  Pu-240  and  0.1%  Pu-241 

Number  of 

235  fuel  elements  made  of  pallets  in  graphite  tubes  giving  a  variable 

elements: 

core  loading 

Moderator: 

Graphite  (in  the  fuel  element  tubes) 

Coolant: 

Nitrogen  is  used  as  heating  gas  to  give  800°C  maximum  core 

temperature 

Core  size: 

Cyhndrical  183  cm  high,  122  cm  diameter 

Specific  power: 

Not  applicable 

Control: 

1-10  motorised  boron  carbide  safety  rods;  3-6  motorised  boron 

carbide  shut-off  rods;  1  fine,  1  coarse  boron  carbide  control  rod 

Shielding: 

1.91  cm  thick  mild  steel  pressure  vessel  in  contained  pit  of  122  cm 

thick  barytes  concrete 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 


Vera 

Versatile  Experimental  Reactor  Assembly 
Commissioning  date:  22  February  1961 

A  zero-energy  fast  reactor  built  on  a  lattice  plate  which  is  separated  into  two 
halves  for  convenience  and  safety  on  loading.  Fuelled  with  U-235  or  Plutonium 
and  designed  for  research  in  fast  reactor  physics,  particularly  for  the  purpose  of 
checking  nuclear  data  and  calculation  methods. 


Location: 

AWRE  Aldermaston  Berkshire 

Reactor  type: 

Fast,  zero  energy 

Reactor  power: 

I0W(Th.) 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

U-235,  square  plates  unclad,  sprayed  with  lacquer.  Pu-239  square 

plates  clad  in  soft-soldered  copper 
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(continued) 


Number  of  Normally  40-60  in  a  maximum  of  144  channels  -  the  remainder, 

elements:  containing  standard  elements  of  reflector  material 

Moderator:  Variable  (graphite,  steel,  polythene  etc.)  in  square  plates  or  blocks 

Coolant:  None 

Core  size:  Maximum  55.8  cm  cube.  A  typical  core  is  a  35.6  cm  isometric  pseudo- 

cylinder 

Specific  power:      Not  applicable 

Control:  Four  safety  rods  of  standard  fuel  reflector  elements,  three  control 

rods  of  similar  elements 

Shielding:  No  integral  shielding  -  the  reactor  is  located  in  a  shielded  laboratory 


(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 

Nestor 

Neutron  Source  Thermal  Reactor 
Commissioning  date:  September  1961 

A  thermal  heterogeneous  reactor,  fuelled  with  highly  enriched  uranium,  light 
water  moderated  and  cooled,  graphite  reflected. 

The  Nestor  reactor  provides  a  source  of  neutrons  and  accordingly  has  a  number  of 
special  features.  It  consists  of  an  annular  core  structure  containing  highly  enriched 
uranium-aluminium  alloy  as  fuel  plates  immersed  in  water.  Grapliite  fills  the  centre 
of  the  annulus  and  surrounds  it  externally.  The  graphite  serves  two  important 
purposes.  It  reduces  the  amount  of  uranium  required  to  obtain  a  self-sustaining 
chain  reaction  in  the  core.  In  addition,  it  screens  the  reactor  from  the  experimental 
assemblies  and  ensures  that  the  power  level,  control  and  safety  of  the  reactor  are  not 
significantly  affected  by  rearrangements  in  the  experimental  assemblies. 


Location: 

AEE  Winfirth  Dorset 

Reactor  type: 

Thermal  heterogeneous  (modified  Jason  type) 

Reactor  power: 

10  kW  (Th.)  rising  to  30  kW  in  1964 

Designer: 

Hawker  Siddley /Nuclear  Power  Co.  and  UKAEA 

Builder: 

Hawker  Siddley /Nuclear  Power  Co.  and  Turriff  Construction 

Corporation  Ltd. 

Fuel  element: 

MTR-type  plates  containing  80%  enriched  U-235  in  aluminium 

alloy  clad  in  aluminium 

Number  of 

16-24  channel  spaces  not  occupied  by  fuel  elements  are  filled  by 

elements: 

aluminium-clad  graphite  blocks.  Total  4.6  kg  uranium 

Moderator: 

Demineralised  water 

Coolant: 

Demineralised  water  at  35°C 

Core  size: 

Fuel  elements  from  an  annulus  15.24  cm  wide  and  76.2  cm  mean 

diameter  in  cylindrical  aluminium  tank 

Specific  power: 

2.18  kW/kg  U-235 

Control: 

Two  safety  plates  of  cadmium  clad  in  stainless  steel;  two  similar 

control  plates.  Water  moderator  can  be  dumped 

Shielding: 

76  cm  of  iron  shot  concrete 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 
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Hero 

Hot  Experimental  Reactor  of  0  (zero)  power 
Commissioning  date:  5  February  1962 

This  zero-energy  reactor  was  designed  to  complement  the  Advance  Gas- 
cooled  Reactor  at  Windscale  in  providing  physics  information  on  the  AGR 
system. 

The  graphite-moderated  core  is  cylindrical,  both  height  and  diameter 
being  1 8  ft  and  the  design  is  such  that  it  can  be  dismantled  and  re-assembled 
so  that  it  could  be  used  to  study  a  verity  of  core  geometries  but  as  planned 
the  reactor  is  mainly  used  for  testing  lattices  at  the  AGR  lattice  pitch. 
Carbon  dioxide  is  circulated  through  the  core  and  external  heaters  are 
provided  which  can  heat  the  gas  to  give  core  temperature  up  to  500°C, 
thus  enabling  operating  conditions  of  the  temperature  of  the  AGR  to  be 
simulated  without  the  development  of  residual  radioactivity,  which  would 
hamper  experimental  work. 


Location: 

Windscale  Cumberland 

Reactor  type: 

Head  lattice  test  reactor 

Reactor  power: 

3  kW  (Th.) 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

Enriched  UO,  (1.8%  U-235)  clad  in  stainless  steel 

Number  of 

Variable  325  channels  (maximum)  are  variable  for  use 

elements: 

Moderator: 

Graphite,  raised  to  500''C  by  electrically  heated  CO2 

Coolant: 

CO, 

Core  size: 

Vertical  axis  cylinder  549  cm  high,  554  cm  diameter 

Specific  power: 

20  X  10"''  kW/kg 

Control: 

Variable;  up  to  6  boron  steel  safety  rods,  2  fine  control  and  16  coarse 

control  rods  dependent  on  the  experiment 

Shielding: 

122  cm  high-density  concrete 

Daphne 

Dido  and  Pluto  Handmaiden  for  Nuclear  Experiments 
Commissioning  date:  20  February  1962 

A  thermal  heterogeneous  reactor,  fuelled  with  enriched  uranium.  D2O  mode- 
rated and  cooled,  D2O  and  partial  graphite  reflectors. 

Designed  to  provide  basic  physics  support  to  Dido  and  Pluto  and  therefore  is 
very  similar  to  these  reactors  in  the  main  design  features.  It  can  be  loaded  with 
fuel  elements,  rigs  and  beam  tubes  to  stimulate  Dido,  Pluto  or  other  reactors  of 
this  class.  The  reactor  operates  at  powers  up  to  100  W  and  is  shielded  by  4  ft 
thick  concrete  blocks. 
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Location: 

AERE  Harewell  Berkshire 

Reactor  type: 

Thermal  heterogeneous 

Reactor  power: 

100W(Th.) 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

MTR-type  plates  80%  enriched  uranium  alloyed  with  aluminium; 

clad  in  aluminium  1 

Number  of 

25  for  Dido  simulation  (3.75  kg  U-235),  26  for  Pluto  simulation 

elements: 

(3.9kgU-235) 

Moderator: 

D2O  at  7  t  at  ambient  temperature 

Coolant: 

D2O  at  ambient  temperature 

Core  size: 

Approximate  vertical  cylinder  61  an  high,  equivalent  diameter  about 

86  an 

Specific  power: 

27  kW/t  U-235 

Control: 

Four  safety  rods  cadmium  in  stainless  steel  sheath  in  hollow  fuel 

elements,  vertical  fine  control  rod  (same  type).  Control  is  by 

variation  by  D2O  level  and/or  reactor  fine  control  rod.  Signal-type 

coarse  control  arms  (cadmium  in  stainless  steel  sheath)  may  be 

adjusted  when  sub-critical  to  stimulate  coarse  control/shut-off 

arms  in  Dido  and  Pluto 

Shielding: 

120  cm  Portland  concrete 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 

Dimple 

Deuterium-Moderated  Pile  of  Low  Energy 
Commissioning  date  at  Winfirth:  18  June  1962 

A  thermal  heterogeneous  reactor,  with  fuel  and  moderator  variable;  remo- 
vable graphite  reflectors  no  coolant. 

The  Zero-Energy  Reactor,  Dimple,  which  was  used  at  Harwell  until  late 
1960,  has  been  extensively  modified  and  rebuilt  at  Winfirth.  Dimple  can  now  be 
used  to  study  the  physics  of  reactor  systems  moderated  by  Hght  or  heavy  water 
or  by  an  organic  moderator.  Containment  and  monitoring  equipment  have 
been  provided  to  permit  the  use  of  plutonium-bearing  fuels.  A  wide  variety  of 
coarse  structures  can  be  built  into  Dimple  ranging  from  large  pressure  tube 
systems  to  small  close  packed  systems  moderated  with  H2O  or  H2O/D2O  mix- 
tures, which  are  of  interest  in  the  field  of  marine  propulsion.  The  reactor  may  be 
heated  uniformly  to  about  90°C. 


Location: 

ABE  Winfirth  Dorset 

Reactor  type: 

Thermal  heterogeneous  variable  moderator  and  fuel 

Reactor  power: 

100  W  (Th.) 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

Uranium  or  plutonium  as  required 

Number  of 

Variable 

elements: 
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Moderator: 
Coolant: 
Core  size: 
Specific  power: 
Control: 


Shielding: 


Liquid;  variable  in  amount  and  composition 

None 

Variable:  A  maximum  259  cm  diameter  249  cm  high 

Negligible 

Safety  rods:  either  two  separate  banks  containing  up  to  10  rods  per 

bank  (variable  in  size  and  composition)  or  fast  internal  moderator 

dump  into  cavity  within  tank.  Coarse  and  fine  control  rods  of 

variable  composition  and  number,  the  difference  being  achieved  by 

different  gear  speeds 

122  cm  thick  concrete  block  construction 


(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 

Zehra 

Zero-Energy  Breeder  Reactor  Assembly 
Commissioning  date:  19  December  1962 

A  fast  reactor  fuelled  with  plutonium  and/or  highly  enriched  uranium,  enrich- 
ment variable;  no  moderator;  reflector  composition  variable  but  commonly 
natural  uranium;  no  coolant. 

To  date,  experimental  fast  reactors  have  compromised  very  small  highly 
enriched  cores.  For  example,  the  core  of  the  Dounreay  experimental  fast  reactor 
is  about  2  ft  diameter  and  2  ft  high.  For  power  producing  fast  reactor  to  be  used 
in  electricity  generating  stations  much  larger  reactors  with  lower  enrichment  are 
envisaged. 

The  neutron  physics  of  the  reactor  will  be  studied  in  Zebra. 


Location: 

AEE  Winfirth  Dorset 

Reactor  type: 

Zero-energy  fast  breeder 

Reactor  power: 

100  W(Th.)  maximum 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

Plates:  initial  experimental  programme  provided  350  kg  U-235  as 

93%  enriched  uranium,  unclad;  150  kg  U-235  as  36^%  enriched 

uranium,  unclad;  100  kg  plutonium  clad  in  thin  layers  of  copper 

Number  of 

Variable 

elements: 

Moderator: 

None 

Coolant: 

None 

Core  size: 

Variable 

Specific  power: 

Variable 

Control: 

Nine  control  rods:  five  screw  type  operated  from  below;  four  cable  type 

operated  from  above;  two  screw  type  used  as  safety  rods;  two  groups 

of  cable  type  used  as  shut-off  rods:  three  screw-type  rods  used  as 

regulating  rods;  one  (of  smaller  worth)  is  used  for  fine  control 

Shielding: 

106  cm  Portland  concrete;  2  heavy  concrete  doors  roll  back  to  give 

access  to  the  top  of  the  reactor 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 
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Hector 

Heated  Experimental  Carbon  Thermal  Oscillator  Reactor 
Commissioning  date:  10  March  1963 

A  zero-energy  thermal  reactor;  two-region  core;  graphite  moderated  and 
reflected  with  carbon  dioxide  heating  and  cooling. 

Hector  is  designed  for  obtaining  information  on  the  physics  of  power  reactors 
by  means  of  experiments  using  small  quantities  of  material.  A  sample  of  the 
material  is  introduced  into  the  centre  of  the  reactor  and  the  observed  rate  of 
change  of  the  reactor  power  gives  a  measure  of  the  neutron  absorbing  proper- 
ties of  the  sample.  An  alternative  technique  is  to  move  the  sample  in  and  out  of 
the  reactor  periodically  and  to  observe  the  resultant  fluctuation  of  the  power 
level.  The  reactor  lattice  in  the  neighbourhood  of  the  sample  is  adjusted  so  as 
to  simulate  the  conditions  existing  in  a  power  reactor. 

The  rector  core  consists  of  two  regions.  The  outer  region  is  an  annulus  of 
graphite  containing  fuel  in  the  form  of  plates  of  an  alloy  of  highly  enriched 
uranium  and  aluminium.  This  is  known  as  the  'driver'  region.  Within  this 
annulus  is  a  central  region  which  may  be  heated  to  a  temperature  of  up  to 
450°C  by  a  stream  of  electrically  heated  carbon  dioxide  gas.  A  variety  of 
assembhes  of  fuel  and  moderators  may  be  lodged  into  this  region. 


Location: 

AEE  Winfirth  Dorset 

Reactor  type: 

Zero  energy  thermal 

Reactor  power: 

100  W 

Designer: 

Fairey  Engineering  Ltd.  to  AEA  specification 

Builder: 

Fairey  Engineering  Ltd. 

Fuel  element: 

Central  core  region:  variable. 

Outer  core  region:  Dido-type  flat  plates 

Number  of 

Central  core  region:  128  channels 

elements: 

Outer  core  region:  216  channels 

Moderator: 

Graphite 

Coolant: 

CO2  used  to  heat  the  central  region  and  cool  the  outer  region 

Core  size: 

Central:  octagonal  graphite  stack  9 1 . 1  cm  across  flats  by  285  cm  high 

with  outer  diameter  359  cm  and  octagonal  hole  123  cm  across  flats 

along  axis 

Specific  power: 

Very  small 

Control: 

All  control  and  safety  rods  are  B.C  packed  in  steel  tubes;  six  safety 

rods  and  six  shutdown  rods:  two  coarse  control  rods  and  one  fine 

Shielding: 

control  rod;  up  to  eight  temperature  rods 

122  cm  concrete  with  shield  doors  which  open  to  expose  whole  top 

surface  of  reactor  vessel 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 
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Juno 

Commissioning  date:  April  1964 

Juno  is  a  dual-purpose  assembly  for  the  study  either  of  compact  liquid- 
moderated  cores  or  of  pressure  tube-type  liquid-moderated  lattices  in  critical 
configurations.  It  may  alternatively  be  used  as  an  experimental  system,  driven 
external  neutron  sources,  for  the  study  of  pressure  tube-type  cores. 

It  wiU  be  used  for  the  study  of  the  physics  of  the  reactor  systems  moderated 
by  light  or  heavy  water  supplementing  the  work  of  the  reactor  Dimple  to  which 
it  bears  many  similarities. 

When  required,  it  may  be  modified  to  permit  the  use  of  plutonium-bearing 
fuel.  A  wide  variety  of  core  structures  can  be  built  into  Juno  ranging  from 
critical  cores  of  closed  pack  fuel  assemblies  moderated  by  light  or  heavy  water 
(of  interest  of  marine  work)  to  large  cores  of  Steam-Generating  Heavy  Water 
type.  These  may  be  studied  exponentially  if  required. 

When  in  use  as  a  compact  critical  assembly,  emergency  shutdown  is  provided 
by  a  rapid  internal  dump  system  which  is  ideally  suited  for  the  study  of  close 
packed  cores  where  the  provision  of  control  rods  involves  an  unacceptable 
perturbation  of  the  core. 


Location: 

AEE  Winfirth  Dorset 

Reactor  type: 

Thermal,  heterogeneous,  variable  moderator  and  fuel 

Reactor  power: 

100W(Th.) 

Designer: 

UKAEA 

Builder: 

UKAEA 

Fuel  element: 

Uranium  or  plutonium  as  required 

Number  of 

Variable 

elements: 

Moderator: 

Liquid;  variable  in  amount  and  composition 

Coolant: 

None 

Core  size: 

Variable  -  maximum  190  cm  diameter,  350  cm  high 

Specific  power: 

Negligible 

Control: 

Fast  shutdown:  Internal  moderator  dump  into  cavity  within  tank  for 

compact  cores.  Two  banks  of  thermal  absorbers  may  be  fitted  for 

pressure  tube-type  lattices. 

Fine  control:  Variation  of  moderator  level  or  insertion  of  fine  control 

rods 

Shielding: 

4  ft  thick  concrete  block  construction 

(Data  provided  by  the  Late  Lord  Marshall  of  UKAEA  1989) 

Tokai  Mura  Nuclear 

Commissioning  date:  estimated  July  1965 

This  Japan  Atomic  Power  Company's  Tokai  nuclear  power  station  is  situated  on 
the  Pacific  coast  about  70  miles  north-east  of  Tokyo.  The  station  is  a  single  reactor 
housed  in  a  skirt-supported  spherical  pressure  vessel  having  a  mean  diameter  of 
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18.4  m  (60.4  ft)  and  made  from  steel  plates  92  mm  (3.6  in.)  and  80  mm  (3.16  in.) 
thick.  There  are  four  steam-raising  units  feeding  two  85  MW  turbo  generators. 
Also  operating  from  the  main  HP  steam  circuit  are  four  8700  hp  back-pressure 
turbines  which  drive  the  centrifugal  coolant-circulators.  Of  particular  interest  are 
the  special  design  features  introduced  because  of  the  potential  earthquake  hazard. 
These  include  substantial  reinforcement  of  the  concrete  foundation  raft  and  super- 
structure; additional  restraints  at  the  top  of  the  reactor  vessel  and  steam-raising 
units;  an  earthquake-resistant  support  system  for  main  gas  ducts;  a  new  type  of  core 
restraint  structure  and  a  specially  designed  brick  and  key  system  of  core  construc- 
tion. In  addition,  there  is  a  secondary  shutdown  system  capable  of  operating  even  if 
damage  to  the  core  should  prevent  normal  functioning  of  the  control  rods. 


Location: 
Reactor  type: 
Reactor  power: 
Designer: 
Builder: 

Fuel  element: 
Number  of 

elements: 
Moderator: 
Coolant: 
Core  size  exclude 

reflector: 
Specific  power: 


Reactor  control: 
Shielding: 


Tokai  Mura,  Ibaraki-ken,  Japan 

Magnox 

585  MW  (Th.),  157  MW  (E)  net  from  one  reactor 

GEC/Simon-Carves  Atomic  Energy  Group 

British  General  Electric  Company  of  Japan  Ltd.  The  First 

Atomic  Power  Industrial  Group  (Japan) 
Natural  uranium  hollow  rods  in  Magnox  cans  with  graphite  sleeves 
16,357  in  2048  channels.  Total  187  t  natural  uranium 

870  t  graphite 

Carbon  dioxide;  outlet  temperature  390''C 

Cylinder  mean  diameter  11.72  m,  height  6.63  m 


3.14  kW/kg  uranium 

9  Safety  rods 

63  Coarse  (Shim)  rods 

10  Sector  (Auto)  control  rods 
16  flattering  and  trim  rods 
44  secondary  shutdown 
Devices 

Biological:  3.1  m  concrete 


}  boron  steel 
Stainless  clad 
mild  steel 


Stainless  clad 


boron  steel  balls. 


(With  compliments  of  Japan  Atomic  Power,  CO,  Tokai,  Japan  1970) 
(Also  to  CEGB,  England) 

Colder  Hall  and  Chapelcross 

Commissioning  date:  Calder  Hall:  October  1956,  Chapelcross:  May  1959 

Each  station  consists  of  four  reactors  housed  in  cylindrical  mild  steel  pressure 
vessels  which  are  70/71  ft  high  and  37  ft  in  diameter.  Six  fuel  elements  are 
stacked  vertically  in  each  of  the  1696  channels  per  reactor.  Each  reactor  has  four 
heat  exchangers  generating  high-  and  low-pressure  steam  simultaneously.  Gen- 
erating plant  comprises  eight  3000  rpm  turbo  alternators. 

Design  study  work  began  in  1951,  and  construction  work  on  Calder  site 
commenced  in  August  1953.  The  first  reactor  became  critical  in  May  1956  and 
power  was  first  fed  to  the  National  Grid  in  October  1956.  Construction  at 
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Chaplecross  had  begun  in  October  1955.  Heat  and  electricity  output  had  been 
increased  in  stages  at  both  stations  to  well  beyond  the  design  figures.  Present 
heat  output  per  reactor  is  235/240  MW  compared  with  the  design  output  of 
180  MW,  a  30%  improvement.  The  turbines  have  been  rebladed  to  utilise  this 
additional  power.  The  Calder  reactors  also  supply  the  steam  requirements  of 
the  adjacent  Windscale  factory  for  space  heating  and  for  the  operation  of  the 
chemical  plant. 

In  1964  an  average  load  factor  in  excess  of  92%  was  achieved  at  both  stations 
and  full  load  was  maintained  for  98%  of  the  time  during  the  severe  winter  of 
1962/1963.  Up  to  28  February  1965  the  total  electricity  supplied  to  the  national 
grid  from  each  station  has  been  as  follows: 

Calder  8280  million  units 
Chapelcross  7020  milHon  units 


Location: 

Magnox 

Reactor  power: 

Calder  Hall:  235  MW  (Th.)  45  MW  (E)  Net.  Chapelcross:  235/ 

240  MW  (Th.)  45  MW  (E)  net  from  each  of  four  reactors 

Designer: 

UKAEA 

Builder: 

Various  contractors 

Fuel  element: 

Natural  uranium  in  Magnox  cans 

Data  for  each  reactor 

Number  of  elements: 

10,176  in  1696  channels 

Total  127  t  natural  uranium 

Moderator: 

650  t  of  graphite  in  58,000  bricks 

Coolant: 

Carbon  dioxide,  outlet  temperature  340°C 

Core  size: 

Polygonal  prism:  9.45  m  diameter,  6.40  m  high 

Specific  power: 

1.35  kW/kg  uranium 

Control: 

48  rods  also  used  as  safety  rods  (8  inner  zone,  1 6  outer  zone);  any  4 

can  be  selected  as  time-regulating  rods  of  boron  steel  in  stainless 

steel  tubes 

Shielding: 

Biological:  213  cm  concrete 

Thermal:  15.25  cm  steel 

(Data  collected  from  Natural  Grid  1956) 

Hunterston 

Commissioning  date: 

Reactor  number  1:  February  1964 

Reactor  number  2:  July  1964 

The  South  of  Scotland  Electricity  Board's  nuclear  generating  station  at  Hun- 
terston, on  the  Ayrshire  coast,  is  one  of  the  first  three  civil  stations  -  each  with 
an  electrical  output  of  about  300  MW  from  two  reactors  -  to  be  built  under  the 
government's  nuclear  power  programme  of  1957. 

The  design  of  the  station  embodies  several  features  which  are  not  available  in 
other  early  stations  and  which  should  increase  output,  operational  economy 
and  safety. 
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These  features  include  the  charging  and  discharging  of  fuel  from  the  bottom 
of  the  reactor  vessels  where  the  temperature  is  lower,  the  provision  of  separate 
fuel-handling  machines  at  the  top  of  the  vessels  if  required  and  the  provision  of 
remotely  adjustable  rods  for  the  maintenance  of  reactivity  balance. 

In  addition  each  fuel  element  is  separately  contained  and  supported  within  a 
graphite  sleeve  -  a  refinement  which  eliminates  bowing  and  the  sticking  of  the 
elements  and  gives  protection  against  the  build-up  of  Wigner  energy. 

Each  reactor  at  Hunterston  is  associated  with  a  group  of  eight  steam- raising 
units  feeding  three  60  MW  turbo  alternators.  The  station  operates  on  the  base 
load  and  feeds  electricity  into  the  275  kV  grid  at  Nielston,  Renfrewshire. 


Location: 

Hunterston  Ayrshire  Scotland 

Reactor  type: 

Magnox 

Reactor  power: 

535  MW  (Th.),  150  MW  (E)  net  from  each  of  two  reactors 

Designer: 

GEC/Simon  Carves  Atomic  Energy  Group 

Builder: 

General  Electric  Company  Ltd.  (Main) 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans,  with  graphite  sleeves 

Data  for  each 

reactor 

Number  of 

32,880  in  3288  channels. 

elements: 

Total  251  t  natural  uranium 

Moderator: 

1200  t  graphite 

Coolant: 

Carbon  dioxide,  outlet  temperature  395  C 

Core  size: 

Right  cylinder:  13.5  m  diameter,  7.01  m  high 

Specific  power: 

2.13  kW/kg  uranium 

Control: 

8  safety  rods;  130  coarse  regulating  rods;  18  fine  regulating  rods  of 

stainless  steel  with  4%  boron 

Shielding: 

Biological:  282  cm  of  concrete 

(Data  provided  by  GEC/Simon  Curves  Atomic  Energy  Group,  U.K.  (1972)) 

Hink ley  Point  'A' 

Commissioning  Date: 

Reactor  number  1:  February  1965 

Reactor  number  2:  2  April  1965 

Hinkley  point  is  located  on  the  north  coast  of  Somerset  on  the  Bristol 
Channel,  some  8  miles  north-west  of  Bridgewater.  The  'A'  station  consists  of 
two  reactors  housed  in  steel  spherical  pressure  vessels  of  67  ft  diameter,  made  of 
plates  3  in.  thick.  Each  reactor  has  six  boilers.  Generating  plant  consists  of  six 
3.5  MW  turbo  alternators  and  three  33  MW  turbo  alternators  to  provide 
auxihary  supplies.  Total  output  of  the  station  is  500  MW,  which  is  fed  into 
the  75  kV  Supergrid  system  running  between  Melksham  and  Taunton. 

Hinkley  Point  'B' 

Extensive  land  reclamation  was  carried  out,  and  in  view  of  the  advantages 
of  the  site,  the  circulating  water  system  was  designed  to  cater  for  a  further  station, 
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Hinkley  'B'  to  be  built  at  some  later  date.  The  Minister  of  Power  has  given  his 
consent  for  'B'  station  about  1000  MW  output.  It  is  identical  to  Hartleypool  NPS. 


Location: 

Hinkley  point  Somerset 

Reactor  type: 

Magnox 

Reactor  power: 

971  MW  (Th.),  250  MW  (E)  net  from  each  of  two  reactors 

Designer: 

English  Electric-Babcock  &  Wilcox-Taylor,  Woodrow 

Atomic  Power  Group 

Builder: 

English  Electric-Babcock  &  Wilcox-Taylor,  Woodrow 

Atomic  Power  Group 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans 

Data  for  each  reactor 

Number  of  elements: 

36,000  in  4500  channels. 

Total  376  t  natural  uranium 

Moderator: 

2475  t  graphite 

Coolant: 

Carbon  dioxide,  outlet  temperature  378°C 

Core  size: 

24-Sided  prism,  14.9  m  diameter,  7.63  m  high 

Specific  power: 

2.55  kW/kg  uranium 

Control: 

130  control  rods  in  12  zones;  15  safety  rods  of  boron  steel  tubes 

Shielding: 

Biological:  22.8  cm  +  297  cm  concrete 

(Data  with  compliments  from  Taylor  Woodrow  Atomic  Power  Group,  Southall,  Middlesex) 


Trawsfynydd 

Commissioning  date: 

Reactor  number  1:  January  1961 

Reactor  number  2:  2  March  1965 

Trawsfynydd  is  situated  on  the  artificial  lake  of  that  name  created  some  30 
years  ago  as  a  storage  reservoir  for  the  Maentwrog  hydroelectric  power  station 
and  lies  within  the  Snowdonia  National  Park,  North  Wales.  The  station  con- 
sists of  two  reactors,  housed  in  spherical-type  pressure  vessels  made  of  steel, 
3  5  in.  thick,  with  an  internal  diameter  each  of  61  ft.  Each  reactor  supplies  heat  to 
six  boiler  units.  Generating  plant  comprises  four  3000  rpm  turbo  alternators 
each  with  a  rated  output  of  145  MW  at  0.8  power  factor  (lagging).  The  total 
guaranteed  net  output  of  the  station  in  megawatts  sent  is  500  MW. 

Total  cost  of  the  power  station,  including  the  plant  and  the  roadworking, 
etc.,  is  estimated  at  £68.5  milhon,  giving  a  capital  cost  of  £137  per  kilowatt  sent 
out,  and  an  estimated  cost  per  unit  of  0.96d. 

Output  from  the  station  is  fed  into  the  275  kV  grid  system,  the  main 
connection  being  to  Connah'  Quay  and  Ffestiniog.  Some  output  will  also 
reinforce  the  33  kV  main  distribution  system.  North  Wales. 


Location:  Trawsfynydd  Merionethshire  Wales 

Reactor  type:  Magnox 

Reactor  power:  860  MW  (Th.),  250  MW  (E)net  from  each  of  two  reactors 

Designer:  Atomic  Power  Construction  Ltd. 
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(continued) 


Builder: 

Atomic  Power  Construction  Ltd.  (now  part  of  the  United  Power 

Company  Ltd.) 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans 

Data  for  each 

reactor 

Number  of 

33,480  in  3720  channels 

elements: 

Total  280  t  natural  uranium 

Moderator: 

2090  t  graphite 

Coolant: 

Carbon  dioxide,  outlet  temperature  394°C 

Core  size: 

Cylinder:  13.56  m  diameter,  7.31  m  high 

Specific  power: 

3.11  kW/kg  uranium 

Control: 

185  control  rods  arranged  in  9  sectors;  12  safety  rods  of  boron  steel 

in  stainless  steel  tubes 

Shielding: 

Biological:  304  cm  concrete 

(Data  provided  by  Atomic  Power  Construction  Ltd,  1967) 


Sizewell  A 

Commissioning  date: 

Reactor  number  1:  August  1965 

Reactor  number  2:  February  1966 

Sizewell  is  situated  on  the  Suffolk  coast  between  Aldeburgh  and  Soutliwold. 
The  station  has  two  reactors  housed  in  spherical-type  pressure  vessels  63  ft  6  in. 
in  diameter  and  formed  from  mild  steel  plates  4  g  /«.  thick.  Each  reactor  has  four 
boilers.  Generating  plant  comprises  two  3000  rpm  turbo  alternators,  each  with 
a  rated  output  of  324.7  MW  at  0.85  power  facoter  (lagging).  The  total  guaran- 
teed net  output  of  the  station  on  megawatts  sent  out  is  planned  as  580  MW, 
estimated  to  be  achieved  by  spring  1966. 


Reactor  type: 

Magnox 

Reactor  power: 

948  MW  (Th.),  290  MW  (E)  net  from  each  of  two  reactors 

Designer: 

English  Electric-Babcock  &  Wilcox-Taylor  Woodrow  Atomic 

Power  Group 

Builder: 

English  Electric-Babcock  &  Wilcox-Taylor  Woodrow  Atomic 

Power  Group 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans 

Data  for  each 

reactor 

Number  of 

26,600  in  3800  channels 

elements: 

Total  321  t  natural  uranium 

Moderator: 

2237  t  graphite 

Coolant: 

Carbon  dioxide,  outlet  temperature  410°C 

Core  size: 

24  -  sided  prism:  13.7  m  diameter,  7.92  m  high 

Specific  power: 

2.96  kW/kg  uranium 

Control: 

99  control  rods  in  9  zones;  8  safety  rods  of  boron  steel  or  mild  steel 

Shielding: 

Biological:  304.8  cm  concrete 

(With  compliment  of  Taylor  Woodrow  and  Enghsh  Electric,  UK.) 
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Sizenell  B  PWR 

It  is  the  pressurised  water  reactor  station.  The  containment  vessel  has  been 
analysed  in  this  text  against  all  eventualities. 


WYLFA 

Commissioning  date: 
Reactor  number  1:  1968 
Reactor  number  2:  1969 

Wylfa  is  situated  on  the  North- West  coast  of  the  Isle  of  Anglesey  at  WYLFA 
Head.  The  station  is  found  on  rocks  and  large  blasting  programme  was 
entailed  in  its  construction.  Each  of  the  two  units  comprises  a  prestressed 
concrete  pressure  vessel,  reactor  core  and  internal  shielding,  boiler  and 
gas  circulator.  The  pressure  vessel  has  a  spherical  internal  shape  of  96  ft 
diameter  and  a  minimum  wall  thickness  of  11  ft.  The  boilers,  one  to  each 
vessel,  are  single  pressure  one  through  type  with  four  associated  gas  circula- 
tors. Generating  plant  consists  of  four  3000  rpm  turbo  alternators  each  with  a 
rated  output  of  370.22  MW  at  0.9  power  factor  (lagging).  The  total  guaran- 
teed net  output  of  the  station  in  megawatts  sent  out  is  planned  as  1180  MW, 
the  most  powerful  nuclear  power  station  under  construction  anywhere  in  the 
world. 


Location: 

Wylfa  Point  Anglesey  North  Wales 

Reactor  type: 

Magnox 

Reactor  power: 

1,875  MW  (Th.),  590  MW  (E)  net  from  each  of  two  reactors 

Designer: 

English  Electric-Babcock  &  Wilcox-Taylor  Woodrow  Atomic 

Builder: 

Power  Group 

English  Electric-Babcock  &  Wilcox-Taylor  Woodrow  Atomic 

Power  Group 

Fuel  element: 

Natural  uranium  bars  in  Magnox  cans 

Data  for  each 

reactor 

Number  of 

49,200  in  6150  channels. 

elements: 

Total  595  t  natural  uranium 

Moderator: 

3740  t  graphite 

Coolant: 

Carbon  dioxide,  outlet  temperature  414°C 

Core  size: 

16-sided  cylinder:  17.3.7  m  diameter,  9.14  m  high 

Specific  power: 

3.16  kW/kg  uranium 

Control: 

167  control  rods  in  16  zones;  18  safety  rods  of  boron  steel  or  mild 

steel 

Shielding: 

The  prestressed  concrete  reactor  pressure  vessel  is  353.3  cm  thick 

(With  compliments  of  English  Electric,  WYLFA  and  Taylor  Woodrow,  Southall,  Middlesex, 
1966) 
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SGHWR 

Steam-Generating  Heavy  Water  Reactor  (SGHWR) 

Commissioning  date:  Late  1967 

SGHWR  is  a  steam-generating  heavy  water  moderated  reactor 

The  core  of  the  reactor  consists  of  a  bank  of  pressure  tubes  which  pass  through 
vertical  tubes  in  a  calandria,  or  tank,  containing  the  heavy  water  moderator. 
Fuel  is  contained  within  the  pressure  tubes  and  the  heat  generated  is  removed  by 
light  water  passing  up  these  tubes  and  being  partially  turned  into  steam.  After 
separation  into  steam  drum,  most  of  the  steam  passes  directly  to  a  turbine;  the 
rest  is  passed  through  eight  super-heat  channels  which  will  raise  the  steam  to  an 
outlet  temperature  of  about  1000°F.  This  steam  is  then  mixed  with  main  steam 
flow  before  being  fed  to  the  turbine. 

About  13%  of  the  hght  water  which  is  circulated  over  the  fuel  elements  in  the 
most  highly  rated  boiling  channel  is  converted  into  steam  to  give  a  turbine  a 
stop  valve  pressure  of  900  psig.  The  heavy  water  moderator  has  its  own  cooling 
and  purification  circuit  and  the  light  water  coolant  has  circuits  for  water 
treatment  and  the  detection  of  fuel  element  can  failure. 

Construction  began  at  Winfirth  in  1963  and  the  reactor  will  have  an  electrical 
output  of  100  MW. 


Location:  Winfirth  Heath  Dorset 

Reactor  type:         Steam-generating  heavy  water  moderator  (SGHWM).  Direct  cycle 

pressure  tube 
Reactor  power:      294  MW  gross  thermal.  100  MW  gross  electrical 
Designer:  UKAEA 

Builder:  Main  contractors:  Turriff,  AEI,  International  Combustion,  Fairey 

Aviation 
Fuel  element:  Boiling  channels:  UO2  pellets  clad  in  zircaloy-2. 

Superheat  channels:  UO2  pellets  clad  in  stainless  steel 
Number  of  Boiling:  3744  fuel  pins,  36  pins  per  assembly.  1  assembly  per  channel, 

elements:  104  boiling  channels,  one  of  which  is  connected  to  an  independent 

cooling  circuit  for  testing  fuel.  Total  21,100  kg  uranium. 
Superheating:  184  fuel  pins,  24  pins  per  assembly,  1  assembly  per 
Moderator:  channel,  8  superheat  channels.  Total  950  kg  uranium 

Heavy  water  in  calandria  (some  moderation  also  in  boiling  light 
Coolant:  water  coolant) 

Direct  cycle  light  water,  boiling  channel  outlet  temperature  283°C, 
Core  size:  superheat  channel  outlet  temperature  504°C 

Cyhnder:  311  cm  diameter  (excluding  D2O  reflectors),  366  cm  long 
Control:  (excluding  D2O  reflectors) 

Specific  power:       Boiling  channels  19.7  kW/kg. 
Superheat  channel  15.3  kW/kg 

Shutdown:  Boric  acid  solution  in  interlattice  tubes,  plus  D2O  dump. 
Control:  D2O  height  for  power  control.  Boric  acid  concentration  in 
moderator  for  long-term  reactivity  changes.  Flooding  groups  of 
interlattice  tubes  for  spectral  shift  flux  control 
Shielding: Water  and  steel  plus  concrete  biological  shield,  282  cm  thick 
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DFR 

Dounreay  Fast  Reactor 
Commissioning  Date:  14  November  1959 

The  reactor  has  been  designed  to  establish  the  feasibihty  of  the  fast  breeder 
system  and  to  provide  information  and  operating  experience  needed  to  design  a 
prototype  reactor  for  full-scale  power  production. 

The  reactor  core  is  hexagonal,  21  in.  high  and  20 ^in.  across  the  flats, 
containing  324  fuel  channels,  with  a  central  hexagon  5  in.  across  the  flats, 
which  can  accommodate  experimental  fuel  pins  or  sub-assemblies.  The  core  is 
surrounded  by  a  breeder  blanket  of  1872  channels.  A  number  of  channels  in 
both  the  core  and  the  blanket  are  also  used  for  experimental  fuel  elements. 
Control  and  shutdown  are  provided  by  12  groups  each  of  10  fuel  elements 
around  the  edge  of  the  core,  mounted  in  carriers  which  can  be  raised  or  lowered. 
Liquid  sodium-potassium  alloy  is  used  as  coolant  and  transfers  heat  from  the 
fuel  to  secondary  liquid  metal  circuit  in  24  heat  exchangers  set  around  the 
reactor  vessel  within  the  biological  shield.  This  field  is  in  the  form  of  a  concrete 
vault  90  ft  in  diameter  and  5  ft  thick  and  occupies  the  lower  half  of  the  steel 
containment  sphere,  135  ft  in  diameter. 

The  principal  use  of  the  rector  is  now  as  a  testbed  for  plutonium-based  fuels 
for  the  prototype  power  fast  reactor,  in  relation  to  both  performance  and  to  the 
effects  of  high  burn-up. 


Location: 

DERE  Dounreay  Scotland 

Reactor  type: 

Fast  breeder 

Reactor  power: 

60  MW  gross  (Th.);  13  MW  (E) 

Designer: 

UKAEA 

Builder: 

(Main)  John  Thompson  Ltd.,  Motherwell  Bridge  and  Engineering 

Co.  Ltd.,  Whathngs  Ltd.  and  others 

Fuel  element: 

45.5%  enriched  U-235,  seven  rods  per  element  with  15  cm  natural 

uranium  as  a  top  blanket.  Cladding  niobium 

Number  of 

Variable  according  to  the  experimental  programme.  The  driver 

elements: 

charge  coantains  approximately  200  kg  U-235 

Moderator: 

None 

Coolant: 

Liquid  sodium  potassium  alloy  (NaK)  at  350°C  (outlet) 

Core  size: 

Hexagonal  prism  52.5  cm  across  flats,  52.5  cm  high 

Specific  power: 

Approx.  300  kW/kg  U-235 

Control: 

12  groups  of  fuel  elements  comprised  of  6  regulating  groups,  4  shut- 

down and  2  safety  groups 

Shielding: 

Biological:  concrete  152  cm  thick. 

Vessel:  120  cm  of  borated  graphite 
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Plate  1.13  DFR.  Domireay  Fast  Reactor.  The  photo  provided  by  SSEB  Scotland  1988 


Dragon 

Commissioning  date:  22  October  1964 

The  chief  purpose  of  the  reactor  experiment  is  to  demonstrate  tlie  principles  on 
which  any  high-temperature  gas-cooled  reactor  must  be  based.  The  entire 
power  station  is  now  dismantled. 

The  main  features  of  the  reactor,  arising  from  the  high  operating  tempera- 
ture in  the  core,  are  the  use  of  hehum  as  a  coolant  with  the  fuel  elements  made 
from  impermeable  graphite  containing  uranium  and  thorium  dicarbide  mixed 
with  graphite  in  a  suitable  ceramic  form.  Each  element  consists  of  a  seven-rod 
cluster,  provision  being  made  from  fission  products  which  escape  from  fuel 
inserts  by  passing  a  fraction  of  the  total  coolant  through  a  system  of  fission 
traps,  and  coolant  circuit  is  expected  to  be  shghtly  radioactive. 

The  steel  reactor  vessel  consists  of  main  cylindrical  portion  11  ft  6  in. 
diameters,  containing  the  core  and  reflector,  with  a  'neck'  6  ft  3  in.  diameter 
through  which  the  fuel  elements  are  inserted  and  removed.  The  whole  reactor, 
with  its  shielding,  primary  coolant  circuit  and  much  of  the  ancillary  plant,  is 
enclosed  in  the  containment  vessel  with  an  inner  sheU  of  steel  66  ft  diameter,  8 1 
ft  high  and  an  outer  shell  of  concrete  1 10  ft  diameter,  86  ft  high  with  wall  2  ft 
thick. 
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Location: 
Reactor  type: 
Reactor  power: 
Designer: 
Builder: 
Fuel  element: 


Number  of 
elements: 
Moderator: 
Coolant: 
Core  size: 
Specific  power: 
Control: 


Shielding: 


AEE  Winfirth  Dorset 

High-temperature  reactor  project 

20  MW  (Th.) 

OECD  high-temperature  reactor  project 

Contractors  in  signatory  countries 

Outer  annular  region  (27  elements)  pyrolytic  carbon-coated  U-235/ 
zirconium  monocarbide  spherical  particles  consohdated  in  graphite 
matrix,  to  form  inserts,  30  per  fuel  rod.  Inner  central  region  (10 
elements)  pyrolytic  carbon  and  silicon  carbide-coated  U-235  thorium 
carbide  spherical  particles.  Zr:U-235  ratio  8:1  Th:U-235  ratio  10:1 

37  elements,  259  rods 

Total  weight:  14  kg  U-235  uniformly  distributed 

Graphite,  integral  with  fuel  elements 

Hehum,  outlet  temperature  750"C 

Equivalent  diameter  of  assembly  107  cm.  Length  of  core  160  cm 

1.4kW/kg 

24  symmetrical  granular  boron  carbide  absorber  rods  are  provided. 
Three  or  4  are  used  as  safety  rods,  1  is  an  automatic  regulator,  19  or 
20  remainder  can  be  used  manually  as  regulators 

Primary:  92  cm  graphite  reflector,  5  cm  steel  baffle,  5  cm  steel 
pressure  vessel,  38  cm  thermal  shield  (alternate  layers  of  steel  and 
water)  175  cm  concrete. 

Secondary:  61  cm  (minimum)  concrete 


1.3  Reactor  Power  Stations  Based  on  BWR,  PHWR  and  PWR 

1.3.1  Boiling  Water  Reactors  (BWR) 

All  boiling  water  reactors  in  Scandinavia  are  of  Asea-Atom  design.  Contain- 
ment is  based  on  the  pressure  suppression  (PS)  principle,  i.e.  at  a  major  pipe 
rupture  the  steam  is  led  from  the  upper  part,  dry  well,  through  a  number  of 
pipes  to  the  lower  part  of  the  containment,  wet  waU,  with  a  water  pool,  where 
condensation  takes  place.  This  principle  of  the  volume  of  the  containment  has 
been  kept  small,  about  one-fifth  of  that  of  a  dry  containment  with  the  same 
design  pressure. 

The  layout  of  the  containments  varies  from  plant  to  plant.  The  fuel  element 
pools,  together  with  the  pool  for  the  storage  of  reactor  internals,  rest  on  the 
containment  proper,  which  is  statically  independent  from  the  pool  structure 
and  from  the  surrounding  outer  reactor  building  which  houses  the  reactor 
auxiliary  systems.  For  Ringhals  1  the  containment  vessel  has  been  built  more 
integrally  with  the  fuel  element  pools.  In  later  designs  the  external  circulation 
pumps  have  been  replaced  by  internal  circulation  pumps,  where  the  motor 
housing  forms  an  integral  part  of  the  reactor  vessel.  Consequently,  the  layout 
of  the  containment  can  be  simphfied  to  cylinder  with  a  sohd  partition  slab 
between  the  dry-well  and  wet- well  compartments. 
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he  PS  containments  are  all  prestressed  horizontally  and  vertically,  the  latter 
for  internal  gas  pressure  minus  the  overlying  weight.  The  design  pressures  are 
between  460  and  550  kN/m^  (absolute  pressure).  In  most  cases  the  fuel  element 
pools,  which  are  partially  cantilevered,  are  provided  with  prestressing  tendons 
in  the  side  walls.  The  top  of  the  containment  over  the  reactor  vessel  has  to  be 
removable  for  the  refuelhng  operation  and  is  designed  as  a  steel  dome. 

A  further  development  of  the  layout  of  the  containment  and  adjoining  struc- 
tural units  is  showing  the  Asea-Atom  current  design.  Consideration  has  also  been 
taken  to  earthquake  and  airplane  crash  loading.  The  structural  connection 
between  the  fuel  pools  and  the  containment  proper  has  been  further  simplified. 

ALL  BWR  plants,  except  Barseback  1  and  2,  are  founded  on  rock.  In 
Barsebiick  1  and  2  the  bottom  of  the  containment  consists  of  a  thick  slab  on 
hard  moraine-clay. 

Six  BWR  plants  exist  in  Japan  at  present.  Table  1 . 1  gives  a  summary  of  BWR 
stations  and  structures  associated  with  them. 


1.3.2  Pressurised  Heavy  Water  Reactors  (PHWR) 

Generally  this  system  is  based  on  'CANDU'.  Table  1.1  shows  six  of  them  built 
in  Canada  and  six  of  them  built  in  India;  one  of  them  exists  in  Romania,  one  is 
constructed  in  South  Korea  and  one  is  in  existence  in  Pakistan. 


1.3.3  Pressurised  Water  Reactors  (PWR) 

PWR  nuclear  plants,  Ringhals  2,  3  and  4,  are  all  standard  Westlinghouse 
design,  except  for  the  arrangement  of  the  liner.  They  are  provided  with  a  dry 
containment  in  the  shape  of  a  cylinder  with  a  dome  roof,  both  in  prestressed 
concrete.  The  design  pressure  is  510  kN/m^. 


1.3.3.1  Design  Details 

A  special  feature  in  the  design  of  the  Scandinavian  reactor  containments  is  that 
the  steel  hner  is  usually  embedded  in  the  concrete.  The  internal  concrete  cover, 
approximately  250  mm,  serves  as  an  efficient  protection  for  the  liner  against 
missiles  during  an  accident  while  at  the  same  time  the  liner  is  protected  against 
corrosion.  Furthermore,  thermal  expansion  of  the  steel  liner  due  to  the  elevated 
temperatures  (155-180°C)  during  the  initial  phase  of  an  accident  is  avoided, 
resulting  in  a  saving  of  prestressing  steel.  The  disadvantage  of  the  embedment  is 
that  if  leakage  occurs  during  a  test  it  may  be  difficult  to  locate  and  repair.  For 
that  reason  the  liner  in  some  of  the  State  Power  Board  plants  has  been  provided 
with  steel  channels  along  all  welds.  The  channels  are  connected  in  sections  and 
with  the  outside,  whereby  leaking  gas,  if  any,  can  be  located  and  vented. 
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1.3.3.2  Design  Criteria 

The  containment  is  designed  for  a  sudden  rupture  of  one  (or  in  some  cases  two) 
of  tlie  main  pipes.  Diagram  of  transient  pressures  and  temperatures  in  different 
parts  of  the  containment  for  two  conditions  at  Forsmark  1 .  It  is  conservatively 
assumed  that  5%  of  the  cladding  metal  in  the  fuel  elements  reacts  with  water 
causing  generation  of  hydrogen  gas.  Maximum  design  temperature  is  180°C. 

Local  reactions  and  missile  forces  and  jet  impingement  during  design  basis 
accident  are  specified  by  the  suppher  of  nuclear  systems.  Table  1.2  gives  the 
PWR  system  and  VVER  adopted  in  several  countries.  This  system  has  been 
widely  used  in  the  USA,  France,  Japan  and  Germany.  In  the  Russian  state,  it  is 
with  small  variation,  named  VVER.  This  system  is  adopted  in  the  Eastern 
European  countries.  A  typical  pictoral  view  of  the  Tricastin  Power  Station 
based  on  PWR  is  shown  in  Plate  1.14. 


Plate  1.14  Tricastin  power  station,  PWR  nuclear  power  station  (Central  France) 

1.4  Additional  Advanced  Reactor  Stations 
1.4.1  General  Introduction 


Recent  events  in  the  energy  field  have  emphasised  the  need  for  more  thoughtful 
uses  of  energy  and  action  on  securing  its  transformation  and  its  distribution. 
The  fast  breeder  reactor  has  its  natural,  reasonable  rate  of  development.  The 
Dounreay  prototype  fast  reactor  has  successfully  ended  its  useful  purpose  in 
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Table  1.3   Fast  Breeder  Nuclear  Power  Plant 


Status/ 

Nuclear  system 

Power 

erection/ 

Country 

Name 

Type 

supplies 

(MW) 

Unit 

commission 

India 

FBTR 

Kalpakkam 

FR 

Dept.  of  Atomic 
Energy 

15 

1 

1472/1985 

Japan 

Monju 

FR 

Power  reactor  and 
nuclear  fuel 
development 

280 

1 

1994/1985 

Russia 

BN350 

FR 

150 

1 

1973/1969 

Russia 

BOR360 

FR 

60 

1 

1973/1970 

France 

PHENIX 

FR 

EDF 

253 

1 

1973/1971 

USA 

EBRII 

FR 

USAEC 

62.5 

1 

1981/1975 

USA 

LMFBR 

FR 

TVA/AEC 

975 

1 

1981/1976 

Germany 

KNKII 

FR 

60 

1 

1972/1969 

Note:  The  Indian  and  Japanese  reactors  are  installed  using  single-walled  PCPR.  The  minatom 
of  Russia  reported  installed  power  of  600  MW,  the  Japanese  280  MW  stations. 
Data  collected  from  15  years  of  Nuclear  Engineering  of  Design,  Elsevier,  Holland. 


Scotland.  PHENIX  in  France  went  critical  on  21  August  1973.  The  large 
prototype  reactor  SNR300  developed  jointly  by  Germany,  Belgium  and  the 
Netherlands  did  go  critical  on  1  January  1979.  These  projects  gave  around 
800  MWg.  The  Italian  1 30  MW,  PLC  reactor  does  give  considerable  experience 
in  this  type  of  reactor  system.  Table  1.3  gives  a  brief  of  these  reactors.  In 
addition,  British  gas-cooled  reactors  are  mentioned  and  other  new  diversified 
reactors  are  identified  which  are  under  planning. 


1.4.2  Fast  Breeder  Reactor 


Apart  from  the  ones  mentioned  regarding  fast  reactors,  it  is  therefore  necessary 
to  explain  some  technical  aspects. 

The  design  and  construction  and  commissioning  of  PFR  by  the  UKAEA  on 
14  December  1973  has  in  brief  the  following  features: 

•  Reactor  contained  within  a  concrete  vault  situated  between  ground  level. 

•  Possibihty  of  raising  and  lowering  the  leak  jacket  during  various  stages  of 
reactor  construction. 

•  An  existence  of  support  lower  around  top  of  the  vault  and  a  system  for 
jacking  the  roof  structure  offers  a  correct  positioning  for  welding  the  diagrid 
support  structures  and  primary  tank  to  the  roof,  fiUing  the  top  strake  in 
solutions  and  welding  the  leak  jacket  to  the  roof.  The  diagrid  was  proof 
loaded  to  simulate  the  core  and  neutron  shield  rods. 

•  Commissioning  sequence: 

•  Primary  circuit 

-  Heat  and  purge  and  prepare  sodium  fill 

-  Dynamic  running  and  sodium  cleanup 
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-  Vibration  tests  and  functional  testing  of  charge  machine 

-  Fuel  loading 

-  Zero  energy  test 

-  Hot  dynamic  running 

-  Run  up  to  power 

•  Secondary  circuits 

-  All  the  above 

-  Hot  helium  leak  test 

-  Commission  water  side 

-  Hydrogen  detection  system  tests 

•  Turbine  and  ancilliaries 

-  Commissioning  temporary  boilers 

-  Runup  power 

1.4.2.1  Fermi  I  Project 

The  Enrico  Fermi  project  on  fast  breeder  reactor  was  formally  committed  on  8 
August  1955.  In  its  17-year  history,  the  Fermi  project  has  made  significant 
contributions  to  fast  rector  technology.  The  following  reports  summed  up 
Fermi  1  project. 

(a)  Alexanderson  E.L.  et  al.  Enrico-Fermi  Atomic  Power  plant  operating 
experience  through  900  MW,  ANS-101,  April  1967. 

(b)  Duffy  I.G.  et  al.  Operating  experience  with  major  components  of  the 
Enrico-Fermi  Atomic  power  plant.  lAEA-SM- 127/40,  Vienna,  1970. 


1.4.2.2  British  Gas-Cooled  System 

The  advanced  gas-cooled  reactor  systems  are  given  in  Table  1.4.  The  reactor 
pressure  vessels  are  made  either  in  prestressed  concrete  pressure  vessels  or  in 
double  PCCV. 

The  high-temperature  gas-cooled  reactors  have  been  installed  in  Europe.  Typi- 
cal multi-cavity  vessels  have  been  thoroughly  analysed  in  this  Chapter. 


Table  1.4 

■   British 

system 

Country 

Name 

Type 

MW 

No. 

Erection 

Great  Britain 

Heysham 

AGR 

660 

4 

1987 

Great  Britain 

Sizewell  B 

PWR 

1258 

1 

1995 

Great  Britain 

Tomess  PT  1 

AGR 

582 

2 

1987 

1.4.3  New  Diversified  Systems 

The  following  new  systems  have  been  planned. 
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MHI  has  developed  the  EU-APWR  based  on  1538  MW  planned  for  the  PS 
using  power  station  units  3  and  4  for  the  Japan  Atomic  Power  Company. 

1.4.4.1  PBMR 

China  is  planning  to  develop  the  world's  first  commercially  operated  pebble  bed 
nuclear  power  reactor  of  195  MWg  station  in  Shandong  Province. 


1.5  Regulator  Guides 

The  following  are  some  of  the  useful  guides  for  structures  and  appartances  in 

nuclear  power  stations: 

(a)  US  Nuclear  Regulatory  Commission 


Title 


Rev. 


Issued  year/ 
month 


Net  positive  suction  head  for  Emergency  core  cooling  and 

containment 

Heat  removal  system  pumps  (safety  guide  1) 

Therrnal  shock  to  reactor  pressure  vessels  (safety  guide  2) 

Assumption  used  for  elevating  the  potential  radiological 

consequence  of  a  loss-of-coolant  accident  for  boiling  water 

reactors 

Assumption  used  for  elevating  the  potential  radiological 

consequence  of  a  loss-of-coolant  accident  for  pressurised  water 

reactors 

Assumption  used  for  elevating  the  potential  radiological 

consequence  of  a  steam  line  break  accident  for  boiling 

water  Reactors  (safety  guide  5) 

Independent  between  redundant  standby  (onsite) 

power  sources 

and  between  their  distribution  systems  (safety  guide  6) 

Control  of  combustible  gas  concentrations  in 

containment  following 

a  loss-of-coolant  accident 

Personnel  selection  and  training 


Selection,  design  and  qualification  of  diesel  generator  units  used  as 
onsite  electric  power  systems  at  nuclear  power  plants  (for  comment) 
Mechanical  (cad  weld)  splices  in  reinforcing  bars  of  category  1 
concrete  structures 

Instrument  lines  penetrating  primary  reactor  containment  (safety 
guide  1 1) 


70/1 


70/11 

70/11 

1 

73/06 

2 

74/06 

70/11 

1 

73/06 

2 

71/03 

71/03 

71/03 


71/03 

1 

76/09 

2 

78/11 

71/03 

1 

75/09 

1-R 

77/05 

71/03 

78/11 

71/03 

1 

73/01 

71/03 
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(continued) 


Title 


Rev. 


Issued  year/ 
month 


Supplement  to  safety  guide  11,  backfitting  considerations 
Instruments  for  earthquakes 

Spent  fuel  storage  facility  design  basis  (for  comment) 

Reactor  coolant  pump  flywheel  integrity  (for  comment) 

Testing  of  reinforcing  bars  for  category  1  concrete  structures 

Reporting  of  operating  information-Appendix  A  technical 
specifications  (for  comment) 

Protection  of  nuclear  power  plants  against  industrial  sabotage 

Structural  acceptance  test  for  concrete  primary  reactor 

containments 

Non-destructive  examination  of  primary  containment  liner  welds 

safety  Guide  19 

Comprehensive  vibration  assessment  programme  for  reactor 

internals  during  preoperational  and  initial  startup  testing 

Measuring,  elevating  and  reporting  radioactivity  in  solid  wastes 

and  releases  of  radioactive  materials  in  liquid  and  gaseous 

effluents  from  light-water-cooled  nuclear  power  plants 

Periodic  testing  of  protection  system  actuation  functions 

(safety  guide  22) 

Onsite  meteorological  programmes  (safety  guide  23) 

Assumption  used  for  elevating  the  potential  radiological 

consequences  of  a  pressurised  water  reactor  gas  storage  tank 

failure  (safety  guide  24) 

Assumption  used  for  elevating  the  potential  radiological 

consequences  of  a  fuel  handing  accident  in  fuel  handling  and 

storage  facility  for  boiling  and  pressurised  water 

(safety  guide  25) 

Quality  group  classifications  and  standards  for  water-,  steam-  and 

radioactive-waste-containing  components  of  nuclear  power  plants 

(for  comment) 

Ultimate  heat  sink  for  nuclear  power  plants  (for  comment) 

Quality  Assurance  programme  requirements  (design  and 

construction)  (for  comment) 
Seismic  design  classification 


72/02 
71/03 
74/04 
71/03 
75/12 
71/1075/08 

71/10 

72/12 
71/10 
73/10 
74/09 
75/01 
75/08 
71/10 
73/06 
71/10 
72/12 
71/12 
72/08 
71/12 
75/06 
76/05 
71/12 
74/06 

72/02 

72/02 
72/03 


72/03 


72/03 

1 

74/09 

2 

75/06 

3 

76/02 

72/0374/0376/ 

12 

01 

72/06 

1 

78/03 

72/06 
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(continued) 


Title 


Rev. 


Issued  year/ 
month 


Quality  assurance  requirements  for  the  installation,  inspection  and 
testing  of  instrumentation  and  electric  equipment  (safety  guide  30) 
Control  of  ferrite  content  in  stainless  steel  weld  metal 


Criteria  for  safety-related  electric  power  systems  for  nuclear  power 
plants 

Quality  assurance  programme  requirements  (operation) 


Control  of  electric  weld  properties 

In-service  inspection  of  ungrouted  tendons  in  prestressed  concrete 

containment  structures 

Non-metallic  thermal  insulation  for  austenitic  stainless  steel 
Quality  assurance  requirements  for  cleaning  of  fluid  systems  and 
associated  components  of  water-cooled  nuclear  power  plants 
Quality  assurance  requirements  for  packaging,  shipping,  receiving, 
storage  and  handling  of  items  for  water-cooled  nuclear  power 
plants 

Housekeeping  requirements  for  water-cooled  nuclear  power  plants 


Qualification  test  for  continuous-duty  motors  installed  inside  the 

containment  of  water-cooled  nuclear  power  plants 

Preoperational  testing  of  redundant  on-site  electric  power 

systerns  to  verify  proper  load  group  assignments 

(withdrawn  -  See  41  FR  11891,  3/22/.76) 

Control  of  stainless  steel  weld  cladding  of  low-alloy  steel 

components 

Control  of  the  use  of  sensitised  stainless  steel 

Reactor  coolant  pressure  boundary  leakage  detection  systems 

Protection  against  pipe  whip  inside  containment 

Bypassed  and  inoperable  status  indication  for  nuclear  power 

plant  safety  systems 

Design  limits  and  loading  combinations  of  seismic  category  1 

fluid  system  components 

Power  levels  of  nuclear  power  plants 


73/08 
76/02 
78/09 
72/08 

72/08 
73/06 
77/05 
78/04 
72/08 
76/03 
77/02 
72/11 
77/02 
78/02 
72/12 
73/02 
74/06 
76/01 
73/02 

73/03 
73/03 
76/10 

77/05 
73/03 
76/10 
77/09 
73/03 

73/03 


73/05 

73/05 
73/05 
73/05 
73/05 

73/05 

73/05 
73/12 
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(continued) 


Title 


Rev. 


Issued  year/ 
month 


Control  of  preheat  temperature  for  welding  of  low-lUoy  steel 

(withdrawn  -  see  40  FR  30510,  7/21/75) 

Design,  testing  and  maintenance  criteria  for  post-accident 

engineered- 

safety-feature  atmosphere  cleanup  system,  air  filtration  and 

adsorption  units  of  light-water-cooled  nuclear  power  plants 

Application  of  the  single-failure  criterion  to  nuclear  power  plant 

protection  systems 

Quality  assurance  requirements  for  protective  coating  Applied  to 

water-cooled  nuclear  power  plants 

Concrete  placement  in  category  1  structures 

Maintenance  of  water  purity  in  boihng  water  reactor  (for 

comment) 

Design  limits  and  loading  combinations  for  metal  primary  reactor 

containment  system  components 

Qualification  of  nuclear  power  plant  inspection,  examination  and 

testing  personnel 

Design  basis  floods  for  nuclear  power  plants 

Design  response  spectra  for  seismic  design  of  nuclear  power  plants 

Damping  values  for  seismic  design  of  nuclear  power  plants 
Manual  initiation  of  protective  actions 
Electric  penetration  assemblies  in  containment  structures  for 
light-water-cooled  nuclear  power  plants 

Quality  assurance  requirements  for  the  design  of  nuclear  power 
Plants 

Material  and  inspections  for  reactor  vessel  closure  studs 

(withdrawn  -  see  42  FR  54478,  10/06/77 

Installation  of  overpressure  protection  devices 

Initial  test  programmes  for  water-cooled  reactor  power  plants 


Preoperational  and  initial  startup  testing  of  feedwater  and 
condensate  systems  for  boiling  water  reactor  power  plants 

Initial  startup  test  programme  to  demonstrate  remote  shutdown 
capabihty  for  water-cooled  nuclear  power  plants 
Standard  format  and  content  of  safety  analysis  reports  for  nuclear 
power  plants 


Welder  qualification  for  areas  of  limited  accessibility 


12 


73/05 


73/06 
76/07 
78/03 
73/06 

73/06 

73/06 
73/06 
78/07 
73/06 

73/08 

73/0876/0477/ 

08 
73/10 
73/12 
73/10 
73/10 
73/10 
77/05 
78/07 
73/10 
75/02 
76/06 
73/10 

73/10 
73/11 
77/01 
78/08 

75/12 
77/01 
77/01 
78/08 
72/02 
72/10 
75/09 
78/11 
73/12 
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(continued) 


Title 


Rev. 


Issued  year/ 
month 


Spray  pond  piping  made  from  fibreglass-reinforced  thermosetting 
resin 

Qualification  test  of  electric  valve  operators  installed  inside  the 
containment  of  nuclear  power  plant 
Quality  assurance  terms  and  definitions 
Physical  independence  of  electrical  system 


Design  basis  tornado  for  nuclear  power  plants 

Assumptions  used  for  evaluating  a  control  bed  ejection  accident 

for  pressurised  water  reactors 

Assumptions  for  evaluating  habitability  of  a  nuclear  power  plant 

control  room  during  a  postulated  hazardous  chemical  release 

Preoperational  testing  Of  emergency  core  cooling  system  of 

Pressurised  water  reactor 

Preoperational  testing  of  instrument  air  system 

Shared  emergency  and  shutdown  electric  systems  for  multi-unit 

nuclear  power  plants 

Sumps  of  emergency  core  cooling  and  containment  spray  systems 

In-service  inspection  of  pressurised  water  reactor  steam  generator 

tubes 

Code  case  acceptability  -  ASME  section  III  design  and  fabrication 

Protection  against  low-trajectory  turbine  missiles 

QuaUty  assurance  requirements  for  installation,  inspection  and 

testing  of  mechanical  equipments  and  systems 

Tornado  design  classification 

Periodic  testing  of  electrical  power  and  protection  systems 


(withdrawn  -  see  42  FR  33387,  6/30/77) 

Fire  protection  guidelines  for  nuclear  power  plants  (for  comment) 

Bases  for  plugging  degraded  PWR  steam  generator  tubes  (for 

comment) 

Development  of  floor  design  response  spectra  for  seismic  design  of 

floor-supported  equipment  or  components 

Quality  assurance  requirements  for  control  of  procurement  of  items 

and  service  for  nuclear  power  plants 

Overhead  crane  handling  for  nuclear  power  plants  (for  comment) 

Instrument  set  points 

Thermal  overload  protection  for  electric  motors  on  motor-operated 


O 


73/12 
78/01 
78/11 

74/01 
74/02 
74/02 
75/01 
78/09 
74/04 

74/05 

74/06 
74/06 
75/09 
74/06 
74/06 
75/01 
74/06 
74/06 
75/07 
74/06 
76/03 
77/07 
76/07 
75/05 
76/07 
78/04 
76/06 
77/11 
78/06 

76/06 
77/11 
76/08 

76/10 
77/07 
76/10 
77/07 
76/02 
75/11 
76/11 
75/11 
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Title 


Rev. 


Issued  year/ 
month 


valves 

Qualifications  for  cement  grouting  for  prestressing  tendons  in 

containment  structures 

Periodic  testing  of  diesel  generator  units  used  as  onsite  electric 

power  systems  at  nuclear  power  plants 

Calculation  of  annual  doses  to  man  from  routine  releases  of  reactor 

effluents  for  the  purpose  of  evaluating  compliance  with  10  CFR 

Part  50,  Appendix  1 

Cost-benefit  analysis  for  radwaste  systems  for  light-water-  cooled 

nuclear  power  reactors  (for  comment) 

Methods  of  estimating  atmospheric  transport  and  dispersion  of 

gaseous  effluents  in  routine  releases  rrom  light-water-cooled 

reactors 
Calculation  of  releases  of  radioactive  materials  in  gaseous  and 
liquid  effluents  rrom  light-water-cooled  power  reactors 
Estimating  aquatic  dispersion  of  effluents  from  accidental  and 
routine  reactor  releases  for  the  purpose  of  implementing  Appendix  1 
Guidance  on  being  operator  at  the  controls  of  a  nuclear  power 

plant 

Service  limits  and  loading  combinations  for  class  1  hnear-type 

component  supports 

Physical  models  for  design  and  operation  of  hydraulic  structures 

and  systems  for  nuclear  power  plants 

An  acceptable  model  and  related  statistical  methods  for  the  analysis 

of  fuel  densification 

Inspection  of  water-cooled  structures  associated  with  nuclear 

power  plants 

Installation  design  and  installation  of  large  lead  storage  batteries 
for 

nuclear  power  plants 

Maintenance,  testing  and  replacement  of  large  lead  storage 

batteries  for  nuclear  power  plants 

Service  limits  and  loading  combinations  for  class  1  plate-and-shell- 

type  component  supports 

Qualification  test  of  electrical  cables,  field  splices  and  connection 

for  light-water-cooled  nuclear  water  plants  (for  comment) 

Site  investigations  for  foundations  of  nuclear  power  plant  (for 

comment) 

Loose-part  detection  programme  for  the  primary  system  of  light- 
water- 
cooled  reactors  (for  comment) 

Medical  certification  and  monitoring  of  personnel  requiring 

operator  licences  (for  comment) 

Normal  water  level  and  dischcarge  at  nuclear  power  plant  (for 

comment) 


77/03 
75/11 
77/02 
76/08 
77/08 
76/03 
77/10 

76/03 

76/03 

77/07 

76/04 
77/05 
76/05 
77/04 
76/02 

76/01 
76/11 
78/01 
77/03 
78/10 
77/03 
78/03 
77/04 
78/03 
77/04 

78/10 
77/04 
78/02 
77/07 
78/10 
77/08 
77/09 
77/09 

77/09 


77/09 
77/09 
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Issued  year/ 
Title  Rev.      month 

Material  for  concrete  containments  ...  77/11 

1  78/10 

Fuel-oil  systems  are  standby  diesel  generator  (for  ...  78/01 

comment) 
Laboratory  investigations  of  soils  for  engineering  analysis  and  . . .  78/04 

design  of  nuclear  power  plant  (for  comment) 

Guidance  for  residual  heat  removal  (for  comment)  . . .  78/05 

Design,  testing  and  maintenance  criteria  for  national  ventilation  . . .  78/03 

Exhaust  system  air  filtration  and  adsoprption  units  of  light 
water-cooled  nuclear  power  plants  (for  comment) 
Containment  isolation  provisions  for  fluid  systems  (for  . . .  78/04 

comment) 
Safety-related  concrete  structures  for  nuclear  power  plants  (other        . . .  78/04 

than  reactor  vessels  and  containments)  (for  comment) 

Design  guidance  for  radioactive  waste  management  systems,  . . .  78/07 

structures  and  components  installed  in  light-water-cooled  nuclear 
power  plants  (for  comment) 


(b)  American  Nuclear  Society,  Nuclear  Standard  Projects  of  Prime  Interest  to 
Structural  Engineers 


ANS2 

Site  elevation 

ANS2.1 

Guidelines  for  determining  the  vibratory  found  motions  for  the  design 

earthquake  for  nuclear  facilities 

ANS2.3 

Standards  for  estimating  tornadoes,  hurricanes  and  other  extreme  wind 

parameters  at  power  reactor  sites 

ANS  2.4 

Guidelines  for  determining  tsunami  criteria  for  power  reactor  sites 

ANS  2.7 

Guidehnes  for  assessing  capability  for  surface  faulting  at  nuclear  power 

reactor  sites 

ANS  2.8 

Standards  for  determining  design  basis  flooding  at  power  reactor  sites 

ANS  2.10 

Guidelines  for  retrieval,  review,  processing  and  elevation  of  records 

obtained  from  seismic  instrumentations 

ANS  2.11 

Guidelines  for  elevating  site-related  geotechnical  parameters  at  power 

reactor  sites 

ANS  2.12 

Guidelines  for  combining  natural  and  external  man-made  hazards  at 

power  reactor  sites 

ANS  2.14 

Determination  of  the  shape  of  the  response  spectra  for  use  in 

nuclearFacilities  design 

ANS  2.19 

Guidelines  for  elevating  site  related  parameters  for  independent  spent  fuel 

storage  facilities 
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ANS4 

Criteria,  control  and  dynamics 

ANS4.1 

Design  basis  criteria  for  safety  system  in  nuclear  power  generating  stations 

ANS58.1 

Plant  design  against  missiles 

ANS  58.2 

Design  basis  for  protection  of  nuclear  power  plants  against  effects  of 

postulated  pipe  rupture 

ANS  58.5 

Probabilistic  risk  assessment 

ANS  51  Pressurized  water  reactor 


ANS  51.1       Nuclear  safety  criteria  for  the  design  of  stationary  pressurized  water 

reactor  plants 
ANS  51.7      Single  failure  criteria  for  PWR  fluid  systems 


ANS  52         Boiling  water  reactor 


ANS  52. 1       Nuclear  safety  criteria  for  the  design  of  stationary  boihng  water  reactor  plants 
ANS  58.9      LWR  single  failure  criteria 


ANS  53  High-cooled  gas-cooled  reactor  management  committee 


ANS  53.1         Nuclear  safety  criteria  for  the  design  of  stationary  gas  cooled  reactor  plants 
ANS  53.6        Gas-cooled  reactor  plant  containment  system 
ANS  53.21       Gas-cooled  reactor  plant  secondary  coolant  systems 


ANS  54 

Liquid  metal  fast  breeder  reactor 

ANS  54.1 

LMFBR  general  design  criteria 

ANS  543 

Principal  design  criteria  for  LMFBR  containments 

ANS  54.6 

LMFBR  safety  classification  and  related  requirements 

ANS  54.10 

Risk  limit  guidelines  for  LMFBR  design 

ANS  54.11 

application  of  risk  limit  guidelines  for  LMFBR  design 

ANS  54.12 

Event  categorisation  guidelines  for  LMFBR  design 

ANS  55  Fuel  and  radwaste 


ANS  57.5  Away  from  reactor's  spent  dual-storage  facilities 


ANS  56  Containment 


ANS  56.3      Overpressure  protection  of  low-pressure  system  connected  to  the  reactor 

coolant  pressure  boundary 
ANS  54.6      Pressure/temperature  transient  analysis  for  LWR  containments 
ANS  56.8      Reactor  containment  leakage  testing  requirements 
ANS  56.9      Environmental  envelopes  to  be  considered  in  safety-related  equipment 


Subsections  NCA-NG,  boiler  and  pressure  vessel  code  section  111,  division 

I-nuclear  power  plant  components 
Boiler  and  pressure  vessel  code  section  III,  division  2-subsection  CB  and  CC 

concrete  reactor  vessels  and  containment 
Section  XI  boiler  and  pressure  vessel  code-fuels  for  inservice  inspection  of 

nuclear  power  plant  components 
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N626. 3-1978  Qualification  and  duties  of  personnel  engaged  in  ASME  boiler 
and  pressure  vessel  code  section  III  divisions  1  and  2  certifying  activities 

N626.0-1974  Qualifications  and  duties  for  authorised  nuclear  Inspection 

N626. 1-1975  Qualifications  and  duties  for  authorised  inservice  Inspection 

N626. 2-1976  Qualifications  and  duties  for  authorised  nuclear  inspection 
(concrete) 

N45.2/N45. 2-1977  Quality  assurance  programme  requirements  for  nuclear 
facihties  QA-76-2 

N45. 2. 5-1978  Supplementary  Quality  assurance  requirements  for  installa- 
tion, inspection  and  testing  of  structural  concrete  and  structural  steel,  sails 
and  foundations  during  the  constructional  phase  of  nuclear  power  plant 
QA-76-5 

N45. 2. 6-1973  Quahfications  of  inspection,  examination  and  testing  person- 
nel for  the  construction  phase  of  nuclear  power  plants  QA-76-6 

N45. 2. 10-1973  Quality  assurance  Terms  and  definitions  QA-76-10 

N45. 2. 11-1974  Quality  assurance  requirements  for  the  design  of  nuclear 
power  plants  QA-76-1 1 

N45.2.20  Supplementary  quahty  assurance  requirements  for  subsurface 
investigation  prior  to  construction  phase  of  nuclear  power  plant 


1.6  Boiling  Water  Reactors  (BWR),  Pressurised  Heavy  Water 
Reactor  (PHWR)  and  Pressurised  Water  Reactor  (PWR) 

Since  the  publication  of  this  book,  many  reactors  of  specific  systems  would  have 
been  planned  and  constructed  throughout  the  world.  Every  offer  has  been  made 
for  the  benefit  of  the  readers  under  BWR,  PHWR  and  PWR.  They  are  con- 
structed facilities. 

Tables  1 . 1  and  1 .2  give  a  list  of  well-known  nuclear  power  stations.  For  others 
references  can  be  made  to  various  journals  in  the  field  of  nuclear  facilities. 
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Chapter  2 

Loads  and  Material  Properties  for  Nuclear 

Facilities  -  A  General  Survey 


2.1  Introduction 

The  probable  failure  assessment  of  structures  for  nuclear  power  facilities  has 
bearings  on  the  choice  and  postulation  of  the  loads  and  load  combinations, 
since  the  exact  magnitude  of  the  loads  encountered  in  nuclear  power  plant 
design  cannot  be  easily  predicted.  The  loads  are  normally  treated  as  random 
variables.  These  loads  are  generally  defined  in  terms  of  probabihty  of  strength 
in  different  components/elements  of  structures  for  a  nuclear  facihty.  Together 
with  the  strength  of  characteristics  of  elements,  it  would  be  possible  to  deter- 
mine the  probabihty  of  the  structure  being  able  to  perform  the  functions  for 
which  it  has  been  designed.  For  obtaining  rehable  results  a  proper  accounting  of 
uncertainties  practically  at  every  stage  of  stress  determination  is  necessary.  The 
stress  determination  is  the  end  product  of 

(a)  the  analysis  and  prediction  of  postulated  even  loads; 

(b)  the  probabihty  distribution  of  different  variables  involved  causing  the 
loads  to  occur.  One  form  is  the  statistical  samphng  technique.  The  data 
and  probability  distribution  will  lead  to  the  load  to  be  considered. 

In  addition  to  the  two  load  levels  considered  in  conventional  design,  nuclear 
facihties  are  typically  designed  for  third  load  level,  termed  the  extreme  load. 
Extreme  loads  include  such  natural  phenomena  as  the  maximum  earthquake 
potential  for  a  site  considering  regional  and  local  geology,  seismology,  local 
foundation  conditions,  tornado  wind  and  associated  air-borne  missile  loads.  It 
also  includes  postulated  design  basis  accident  loads  consisting  of  high-energy 
system  rupture  that  results  in  pipe  break  reaction  and  impingement  loads,  pipe 
whip  and  associated  accident-generated  missiles  and  pressurisation  of  building 
components,  flooding  and  high  thermal  transients. 

In  the  USA  structures  for  nuclear  facihties  are  designed  for  service  load 
conditions.  Three  methods  are  recommended  such  as  working  stress  design 
(WSD),  factor  load  deign  (FLD)  and  factor  load  reduction  design  (FLRD). 
In  Europe  the  limit  state  design  (LSD)  is  generally  recommended  using  partial 
safety  factors  for  materials  and  loads  or  actions.  Where  service  load  design 
parameters  and  material  strength  data  for  nuclear  facilities  are  not  given  or 
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2     Loads  and  Material  Properties  for  Nuclear  Facilities 


Table  2.1    Service  load  parameters 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


Dead  load 

Reinforced/prestressed 
Concrete 
Structural  steel 
Structural  aluminium 
Structural  wood 
L    S- snow  load 


n.    Construction 
IIL  Buoyancy 

IV.  Earth  pressure  (lateral) 

(a)  Active  ^ 

(b)  Passive  V  Foundation 

(c)  At  rest  J   below  grade 

V.  Piping  equipment 
reaction 

VL   Hatch  for  containment 
equipment 

(a)  Uniform  load  assumed 

(b)  Concentrated  load 
moving  type 

Note:  Not  concurrent  with 
uniform  lived  load 

(c)  Personnel  hatch 
uniform  load  moving 
type 

VIL  Linear  for  concrete 
containment 

(a)  Concentrated  load 

(b)  Line  load 

(c)  Uniform  load 

VIIL    Uniform  floor  load 

(a)  Reactor  building 
operating  deck 

(b)  Stairs,  passage  and 
escalator/moving 
walks 

IX.   Wind  load 

(a)  Euro  code  and  BS6399 


6.7-7.5kN/m- 
24kN/m 

Specified:  ANSI  A58.1  100-year  interval 

or 

BS6399  Part  2  (see  text  table  in  this  chapter) 


1.73  kN/m^ 
0.91  kN/m- 

3.14-  18.84  kN/mVm 
3.14-70.65kN/m7m 
6.28-23.55kN/m7m 
Depends  on  the  piping  analysis  — ►  variable 


67kN/m2 
2000  kN 


67  kN/m^ 
44.5  kN 


6.67  kN 
2.2  kN/m 
25  kN/m^ 

1675  kN/m^ 

67  kN/m-(uniform) 

Plus  concentrated  from  manufacturer  B 

Fv,  =  <?rer.Ce(re).Cd.Cfi(/lrer) 

where 

Ze  height  above  ground 

gref  mean  wind  velocity  pressure 

Cf  derived  force  coefficient 

fe  exposure  coefficient;  Cd  dynamic  factor 


D 

dead 
load 


L,LL 

Live  or 

imposed 

or 

action 

Co 

B 


WotF„ 
P 
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Table  2.1    (continued) 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


(b)  Based  on  BS6399 


Cf,  force  coefficient 
^ref  reference  area  of  Cf 

Vref  =  CDIR.CTEM-CALT-l'refo 

Vjeio  basic  value  of  reference  wind  velocity 

CDiRdirectional  factor  taken  generally  as  1 .0 

ctem  seasonal  factor  taken  generally  as  1 .0 

calt  altitude  factor  taken  to  be  1 .0  unless  specified 

'/ref  =  wind  mean  velocity  pressure  X\\e[  =  Fw 

Vs  =  site  velocity  =  VoS-^S^SsSp 

Kb  =  basic  wind  speed  — ►v'l-efo 

5a  =  altitude  factor  — ►  calt 

Sd  =  Direction  factor  — ►  cqir  =  1 

Ss  =  seasonal  factor  — ►  f tem  =  1 

Sp  =  probability  factor  =  1 

q  =  wind  dynamic  pressure  =  kVj 

where  k  =  0.613 

Ke  =  Fs  X  Vp—  terrain  factor 

Example  for  Vi,  =  45  m/s;  S] 

Solution  based  on  BS  6399 

Vh  =  ^bSaSiSsS,,; 

V^,  =  basic  wind  speed 
5a  =  1+0.001  X  100  = 


l;.v,  =  0.83 


=  23.5  m/s 
1.1 


5„ 


1.0 


5s  =  0.62 

5p  =  1.0 

Fs  =  16.03  m/s 

Ke  =  SV.Sb 

5b  =  5crc[i  +  (gt5,ry)  +  5h] 

=  1.08(0.863)[l  +  (2.52x  1.71  x 
=  1.486 

1.38) +0] 

Fe  =  16.03  X  1.486  =  23.82  m/s 

'  =  net  wind  load  on  the 

q  =  dynamic  pressure 

=  0.613(23.83)-  =  348N/m- 
where 

surface 

5e  =  fetch  factor 

'  =  net  pressure  across  the 
surface 

5h  =  topography  factor 
5,  =  turbulence  factor 

(c)  American  codes 

g[  =  gust  factor 

X.    Containments  Internal 
Pressure 


Ty  =  Turbulant  adjust  factor 

T^  =  fetch  factor  for  adjustment 

ANSI  A58. 1  for  exposure  C  Fig.  2  of  the  code 

Load  based  on  100-year  recurrence  wind, 

speed  with  gust  factor  and  wind  profile 

distribution 
p  />  345  kN/m^  for  PWR 


^conl- 

To 
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2     Loads  and  Material  Properties  for  Nuclear  Facilities 
Table  2.1    (continued) 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


XL    Operating  thermal  load 

(a)  Thermal  gradients 
through  the  wall  of 
containment 

(b)  Range  of  ambient 
temperatures  at 
placement  of  concrete 
in  containment 

(c)  Thermal  gradient 
through  reactor 
coolant  compartment 
walls 

(d)  Range  of  ambient 
temperatures  at 
placement  of  concrete 

(e)  Thermal  gradients 
through  spent  fuel  pit 
walls 


-11.2  (outside)  +  6.61TC  (inside) 
+5.5  (outside)  +  6.672°C  (inside) 

22.24  </<50°C 


±16.7°C  gradient 


55.6°C<r<6.7°C 
6.67°C  max. mean  temperature 
4.5°C  min.mean  temperature 
-11.2  (outside)   +  100°C  (inside) 


XIL    Resulting  from  the 
internal  drop  in 
containment  (load) 
XIIL    Internal  pressure  for 
advanced  cooled 
reactor  vessels 

XIV.  Combination  of 
Actions  and  Load 
Factors  at  the 
ultimate  state 

(a)  Permanent  +  variable 

(b)  Permanent  +  wind  + 
variable 

(c)  Permanent  +  variable 

(d)  Permanent  +  wind 

XV.  Prestressed  concrete 
reactor  pressure  vessel 

Load  combinations  for 
elastic/work  analysis 


0.13kN/m2 


P'  =  Po  (transfer  force)  —  a 
oo  =  Losses  in  tendons 
Po  =  (transfer  force) 


;^6900kN/: 

m2 

Gk        Sk 

l^or  fFk 

1.0        0 

1.5 

1.0        0 

1.0        0 

1.5 

1.4        1.5 

1.4       0 

1.5 

Loadings 

Case  1  Prestress  and  ambient  temperature 

Case  2  Prestress  1 . 1 5  x  design  pressure  + 

ambient  temperature 

Case  3*  Prestress  +  design  pressure  + 

temperature 

Case  4*  Overload  (prestress  +  increasing 

pressure  +  temperature) 

*  Short-  and  long-term  conditions  apply 


P' 


^s/ck  [£"■']  <2/:.k 


a  =  depending  upon  adopted  system  range 

0.67-0.85 

^ci  =  loaded  area  of  the  anchorage  plate 

Aco  =  Anchorage  area  of  the  concrete  block 

or  block  of  material 
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Table  2.2  Concrete  stresses  based  on  American  and  European  codes 


Stresses 


Design  stresses  under  range  of  actions 


Notation 


1 .  Concrete  stresses  sased  on 
ACI  359 

Con  tainmen  t-prin  lary 

(a)  Membrane 

(b)  Membrane  plus  bending 
containment-secondary 

(a)  Membrane 

(b)  Membrane  plus  bending 
concrete  (after  losses) 
Containments-primary 

(a)  Membrane 

(b)  Membrane  plus  bending 
Containment-secondary 

2.  Euro  code  2 

Concrete  material  properties 
fcii  =  cylindrical  strength 
fck,'^u  =  minimum  cube 
Strength  of  concerete  at  28 

days 
/y ,  ffy  =  yield  strength 
fft  =  tensile  strength 
_£  =  elastic  modulus 
Ep  =  plastic  modulus 
8cu  =  ultimate  strains 
v  =  Poisson  ratio 
xj  =  coefficient  of  linear 
thermal  expansion 
.Sr=  thermal  conductivity 
a  =  coefficient  of 

aggregates 
8ct  =  shrinkage  strain 
Conventional  steel 
7  =  o-y  =  yield  strength 
£■  =  elastic  modulus 
Ep  =  plastic  modulus 
(XT  =  coefficient  of  linear 

concrete  thermal  expansion 
/yk  =  characteristic  strength 
Liner 
ts  =  thickness 

y  =  (Ty  =  yield  strength 
a^  =  coefficient  of  linear 
thermal  expansion 
K=  thermal  conductivity 
Prestress 

/mas  (at  service) 
/mas(at  service) 


0.35/^ 
0.45/^ 

0.45/';, 
0.60/^ 


0.30/^ 
0.45/^ 


/ci/ck 

Cylindrical 
Strength 


25  -  60  N/mm290  ;^N/mm2 
-41.34  kN/mm^ 


— 0.66(Tcu 

+0.1O-CLI 

+41.4kN/mm- 

+0A16E 

0.0035 

0.18 

8.0  nM/m°C 

1.75  W/m°C 
0.65,0.68,  0.87,0.87 

200x10"'' 

4516  MN/mm2(50(B)  or  750 
4400  (25co)  or  725 
200  kN/mm^ 
0.1£'=20kN/mm2 

500  N/mm^ 

12  mm +10% 

19  mm +  5% 

Up  to  40  mm  max  to  400  mm  up  to 

25  mm  up  to  25  m 

3.4  X  10^  kN/mm^ 

10  nM/m°C 

41.6W/m°C 

Reference  is  made  to  the  manufacturer's 

catalogues  for  various  systems 
0.6  -  0.75/-ck 

0-6/niax  =  Potransfer  force  :  see  catalogues 
for  systems  for  accurate  assessment 
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2     Loads  and  Material  Properties  for  Nuclear  Facilities 


Table  2.3   Structural  steel 


Service  load  parameters  and  stresses 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


Structural  steel  based  on 

EC-3 

(a)   Conventional  steel 

design,  load 

combinations 
Dead  load 

Dead  load  +  restraining 
overturning 
Dead  +  imposed  load 
Dead  +  imposed  +  wind 
E^  recent  version 
Fj  design  action 
Structural  steel  Euro 
codes-3  (EC-3) 
(a)  Grade  shapes 
S275 


S355 

(b)  Quenched  tempered 
plates 

(c)  Alloy  bars  -  tension 
members 

(d)  High-carbon  hard- 
drawn  wires  for  cables 

Load  and  resistance  factor 
design  (LRFD) 

(a)  The  design  strength 
must  equal  or  exceed  the 
required  strength  R„ 

(b)  Required  strength  and 
load  combination  for 
LRFD  based  on  ASCE- 
7  Section  2.3 


1.46Gk  or  Y[Fi, 
l.OGk 

1.4Gk  +  1.6ek 

1.2(Gk  +  ek+PF0 


=  1.5 


D 


Grade  S 


design  strength     fy  =  stress,  N/mm" 


_Fe430  <  16 

275 

<40 

275 

FeSlO  <   16 

355 

<40 

355 

/y  =  690  N/mm^ 

/y  =  1030  N/mm- 

/y  =  1700  N/mm- 

R,  <  co«„; 

-Rn  =  safe  working  load  x  safety  factor 

Rn  =  normal  strength  determined 

LRFD  load  combinations 

0  =  Resistance  factor  given  by  the 

Specification  for  a  particular  limit  state 

0.5 


1.4D 

1. 2D  -M.6L  -I-  0.5{Lr  or  5  or  R) 

1.2D  +  1.6  (L,.  or  S  oi  R)  +  (0.5L  or  0.8  W) 

1.2D  +  1.6  IV  +  0.5Z.  -I-  0.5  (L,  or  S  or  R) 

l.2D±  1.0E+0.5L  +  0.2S 

0.9D±  {1.6  W or  l.OE) 

D  =  dead  load 

L  =  live  load  due  to  occupancy 

Lf  =  roof  hve  load 

5=  snow  load 

R  =  nominal  load  due  to  initial 

rainwater  or  ice 

PF=wind  load 

E=  earthquake  load 


0 
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Table  2.3   (continued) 


Service  load  parameters  and  stresses 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


(c)  Simplified  determination 
of  required  strength 
based  on  LRFD.  Based 
on  effective  length 
method  where  P-^  factor 
is  small 

(d)  Stability  design 


(e)  The  required 
compressive  strength 
contributing  to  stability 
(lateral)  by  flexural 
stiffness 

(f)  Pin  connected  members 
i.    Tensile  strength 

ii.    Shear  rupture 


LRFD 

Mr  =  Si  Mm  +  S2Mu  =  S2M1, 
Pr  =  P„t  +  BiPn  =  B2PU 

Si  <  1.05>-S2 
S2  >  1  .Ssimplified  method  is  not  valid 


A2m/ 
Al.vr 


<  1.5 


storey  gravity  load  =  minimum  2% 

K=  1  for  braced  frame 

K  value  to  be  determined 

for  moment  frames  using 

sideway  buckling  analysis 

or  Pr  <  0.5Py;a=  l.OforLFRD 

Pr  =  required  axial  compressive  strength 

Py  =  member  yield  strength  =  AFy 


P„  =  2th^[i-Fu  Qr  =  0.75  for  LFRD 

P„  =  O.ePu^si-;      A,(  =  lt{a  +  d/z) 

a  =  shorter  distance  from 

the  edge  in  mm 
d=  pin  diameter  in  mm 
t  =  place  thickness  in  mm 
^eiT  =  (2?+  16  mm) 
Note:  For  complete  design  specifications, 
a  reference  is  made  to  steel  construction 
manual  (AISCE)  13th  edition  Dec  2005 
ISBN  1-56424-055X  or  forward  editions 


Table  2.4  Aluminium 


Service  load  parameters  and  stresses 


Aluminium  structures 


Notation 


Aluminium  structures 
Characteristic  values 

based  on  Euro  code-9 
/i,  =  ultimate  strength 
fa  =  0.2%  proof  strength 

(a)   Alloy  EN-AW  6082 
100  mm  thickness 


(b)   6061 


(c)   Bolts  for  6082  T6 
aluminium  alloy 


L  =  longitudinal  =  310 r  Temper  T6 

°  mm-  ^ 

T  =  transfer  =  260  N/mm^ 

A  =  minimum  elongation  =  6%;  Buckling  class  A 

E  =  74, 000  N/mm- 

G  =  27, 000  N/mm^ 

V  =  Poisson's  ratio  =  0.3 

a  =  coefficient  =  23  x  10"^  per  °C  of 

linear  expansion 

P  =  unit  mass  =  2700  kg/m- 

76/7651 

thickness  <  12.5 

/o  =  110N/mm2 

/u  =  205  N/mm^ 

dia<6 

/o  =  250  N/mm^ 

/„  =  320  N/mm- 
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Table  2.5   Structural  composites 
Service  load  parameters  and  stresses 


Loads  or  stresses 


Design  load  or  range  of  actions 


Notation 


Structural  composites  based  on 
EC-4 

(a)  Design  parameters  h^ 
be  =  effective  breadth 
Lz  =  distance  between 
points  of  zero  moment 


Z,z/8/^half  the  distance  of  adjacent  beam       b^ 


Concrete  slab  stress 
Steel  stress 

0.45/ek 

0.95/y 

Py  =  shear  capacity 
Moment 

P. 
M 

Mapi.RD>Mcd 

Moment  resistance  of  the  steel 
beam 

H^pi/d 

i?(.  =  compressible  resistance 

of  slab 
/ck  =  concrete  cylindrical 

0.85/ck/7c  X  /)elT  X  /)c 

0.85/:.„  or0.8A(,,u) 

=  0.45/ckx6elT6c 

Re 

strength 
i?s  =  compressive  resistance 

of  steel  section 
A/pi.Rd  =  moment  or  resistance 
of  composite  beam 


'pl.Rd 


=  shear  resistance 


Shear  connector 

Failure  of  concrete 


/d  ^a 


0.5Fpi.RD>M 


M, 


pl.Rd 


or 


Ri 


.  0.8/„rf 


weld 


4)v 


shear  failure  of  the  steel  at  its 


available,  the  data  given  in  this  chapter  shall  be  adopted  by  individual  clients  or 
their  consultants.  Tables  2.1,  2.2,  2.3,  2.4  and  2.5  give  data  on  service  load 
parameter  and  relevant  acceptable  stresses  for  the  design  of  conventional 
structures  for  nuclear  facilities,  within  the  USA.  In  addition  the  Euro  codes 
are  mentioned  for  the  design  of  conventional  structures  called  ancilhary  or 
auxihary  structures  associated  with  nuclear  facilities.  Loads  (actions)  and  stres- 
ses are  tabulated  from  the  US  and  the  European  codes.  For  detailed  design  a 
reference  is  made  to  the  relevant  codes  where  necessary. 
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2.2  Loads 

2.2.1  Service  Loads 

Service  load  conditions  are  those  loadings  encountered  during  construction  and 
in  the  normal  operation  of  nuclear  power  facihties.  A  suggested  summary  of  the 
list  of  loads  is  given  below. 


2.2.1.1  Dead  Load  (Z)) 

Dead  load  is  vertical  load  due  to  the  weight  of  all  permanent  structural  and  non- 
structural components  of  a  building,  such  as  walls,  floors,  roofs  and  fixed 
service  equipment  as  specified  by  the  relevant  codes  and  standards  such  as 
BS6399. 


2.2.1.2  Operating  Live  Load  (L) 

Live  load  is  the  load  superimposed  by  the  used  and  occupancy  of  the  building 
not  including  the  wind  load,  earthquake  load  and  impact  load  as  specified  by 
the  relevant  codes  and  standards. 


2.2.1.3  Uniformly  Distributed  Loads  (LL) 

The  live  load  is  to  be  assumed  in  the  design  of  building  and  other  structures  shall 
be  the  largest  loads  that  can  be  expected  to  be  produced  by  the  intended  use  or 
occupancy,  but  in  no  case  shall  be  less  than  the  minimum  uniformly  distributed 
unit  loads  specified  by  the  relevant  codes  and  standards  such  as  BS6399-1  to  3 
or  EC2,  EC3. 


2.2.1.4  Concentrated  Loads  {L^ 

Floors  shall  be  designed  to  support  safely  a  concentrated  load  simultaneously 
with  the  floor  live  loads.  In  European  codes  it  is  termed  as  knife  edge  loads. 


2.2.1.5  Railroad  Support  (Ce) 

For  design  purpose  Cooper's  E-72  loading  should  be  used  unless  otherwise 
specified  by  intended  use,  such  as  support  spent  fuel  cask  handling  car  or  other 
heavy  equipment. 

2.2.1.6  Truck  Support  (/f2o) 

For  design  purposes,  AASHO  H-20-S16  loading  should  be  used  unless  other- 
wise specified  by  intended  use.  The  equivalent  European  track  load  can  also  be 
adopted  instead. 
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2.2.1.7  Ordinary  Impact  Loads  (I) 

Machinery 

The  weight  of  machinery  and  moving  loads  should  be  increased  to  aUow  for 
impact.  Some  suggested  values  are  100%  for  elevator  machinery;  20%  for  hght 
machinery,  shaft  or  motor  driven;  50%  for  reciprocating  machinery  or  power- 
driven  units.  AU  percentages  should  be  increased  or  decreased  as  required  by  the 
design  specification  or  manufacturer's  recommendation. 

Craneways 

It  is  suggested  that  all  craneways  have  their  design  loads  increased  for  impact  as 
follows:  A  vertical  force  equal  to  25%  of  the  maximum  wheel  load;  a  lateral  force 
equal  to  20%  of  the  weight  of  trolley  and  Hfter  load  only,  applied  one-half  at  the 
top  of  each  rail;  and  longitudinal  force  of  10%  at  the  maximum  wheel  loads  of  the 
crane  applied  at  the  top  of  rail.  All  percentages  shall  be  increased  or  decreased  if  so 
recommended  by  the  manufacturer  or  if  otherwise  specified  by  governing  codes. 

2.2.1.8  Construction  Loads 

Consideration  shall  be  given  to  temporary  large,  heavy  loads  based  on  the 
'Building  Codes  Requirements  for  Minimum  Design  Load  in  Building  and 
Other  Structures'  (ANSI  A58.1-1972)[l].  These  provisions  specifically  exclude 
consideration  of  tornadoes.  For  extreme  loads  due  to  tornadoes.  Section  3.3.2 
should  be  referred  to.  Account  should  be  taken  of  hurricane  winds  by  compa- 
rison with  the  provisions  of  Section  3.3.3  for  hurricane-susceptible  sites.  While 
using  European  codes  a  reference  is  made  to  BS6399,  part  2  and  Eurocode 
ENV1991-2-4  for  wind  loading.  Table  2.1  part  IX  gives  a  brief  relevant  equa- 
tion for  the  determination  of  loads  caused  by  the  wind. 

2.2.1.9  Snow  Loads  (S) 

Basic  snow  load  requirements  as  a  function  of  geographical  area  can  also  be 
found  in  ANSI  Standard  A58.1972.  Table  2.1  gives  a  brief  based  on  European 
code  BS  6399-2-4. 


Soil  and  Hydrostatic  Pressure  (iip)  and  Buoyancy  (B) 

In  designing  nuclear  facihties  which  are  partly  or  wholly  below  grade,  provision 
shall  be  made  for  the  lateral  pressure  of  adjacent  soil,  namely  active  pressure 
and  at-rest  pressure.  The  effect  of  dynamic  pressure  due  to  earthquake  also 
should  be  given  consideration.  Due  allowance  shaU  be  made  for  possible  sur- 
charge from  fixed  or  moving  loads.  When  a  portion  or  the  whole  of  the  adjacent 
soil  is  below  a  free-water  surface,  computations  shall  be  based  on  the  weight  of 
the  soil  diminished  by  buoyancy  plus  hydrostatic  pressure.  In  the  design  of  slabs 
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below  grade,  the  upward  pressure  of  water,  if  any,  shall  be  taken  as  the  full 
hydrostatic  pressure  applied  over  the  entire  area.  The  hydrostatic  head  shall  be 
measured  from  the  underside  of  the  slab.  These  are  recommended  also  by  the 
Nuclear  Regulatory  Commission  (NRC)  and  ASCE  of  the  USA. 


Piping  Equipment  Reaction  Load  (/?o) 

Piping  system  is  attached  directly  to  building  structures  through  hangers,  struts, 
restraints,  anchors  and  snubbers.  Hangers  and  struts  are  unidirectional,  trans- 
mitting loads  in  one  direction  only.  Hangers  transmit  only  vertical  loads. 
Restraints  will  transmit  loads  in  any  one  or  more  of  the  coordinate  directions. 
Anchors  are  capable  of  transmitting  loads  and  moments  in  all  three  coordinate 
directions.  Snubbers  are  unidirectional  and  transmit  dynamic  loads  only. 

Equipment  loads  include  dead  weight,  restrained  thermal  expansion  and 
dynamic  effect  such  as  pressure  transients,  changes  in  momentum,  water  and 
steam  hammer  in  the  equipment  and  earthquake.  They  also  may  include  the 
effect  of  the  restraint  of  attached  piping.  The  effect  of  such  phenomena  must  be 
considered  in  the  design  check. 


Operating  Pressure  and  Temperature  (Pq,  T^) 

In  many  cases  compartments  or  sub-compartments  within  a  structure  which 
house  highly  radioactive  pipes  or  equipment  are  maintained  at  lower  pres- 
sure than  the  outside  of  the  compartment  in  order  to  prevent  out-leakage. 
Even  though  the  differential  pressure  is  not  considerable,  the  magnitude 
should  be  determined  and  its  effect  evaluated  particularly  for  steel  structures 
which  are  more  likely  to  experience  external  pressure  buckling  modes  of 
failure. 


2.2.2  Operating  Basis  Earthquake  (Kg) 

The  respective  nuclear  organisation  and  regulatory  commissions  have  criteria 
for  the  seismic  design  of  nuclear  power  plants.  The  Operation  Basis  Earthquake 
(OBE)  does  consider  the  effect  on  a  plant  site  during  the  operational  hfe  of  the 
plant.  Both  local  geology  and  seismology  are  related  to  specific  characteristics 
of  local  subsurface  materials. 

Earthquakes  can  cause  local  soil  failure,  surface  ruptures  and  structural 
damage  of  nuclear  power  plants.  The  most  significant  earthquake  effects  on 
plants  or  their  structural  components  result  from  the  seismic  waves  which 
propagate  outwards  in  all  directions  from  the  earthquake  focus.  These  diffe- 
rent types  of  waves  can  cause  significant  ground  movements  up  to  several 
hundred  miles  from  the  source.  The  movements  depend  upon  the  intensity, 
sequence,  duration  and  the  frequency  content  of  the  earthquake-induced 
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ground  motions.  For  design  purposes  ground  motion  is  described  by  tlie 
history  of  hypothesised  ground  acceleration  and  is  commonly  expressed  in 
terms  of  response  spectrum  derived  from  that  history.  When  records  are 
unavailable  or  insufficient,  smoothed  response  spectra  are  devised  for  design 
purposes  to  characterise  the  ground  motion.  In  principal,  the  designers 
describe  the  ground  motions  in  terms  of  two  perpendicular  horizontal  com- 
ponents and  a  vertical  component  for  the  entire  base  of  the  nuclear  power 
plants.  A  3D  analysis  is  essential  using  hybrid  finite  element  non-linear 
method. 

When  the  history  of  ground  shaking  at  a  particular  site  or  the  response 
spectrum  derived  from  this  history  is  known,  plants'  theoretical  response  can 
be  calculated  by  various  methods;  these  are  described  later. 

The  minimum  acceptable  acceleration  for  the  OBE  will  be  taken  at  least  one- 
half  of  the  Safe  Shutdown  Earthquake  (SSE)  acceleration.  Sometimes  OBE  <  SSE 
have  been  permitted  in  some  cases  where  SSE  return  period  is  such  duration  as  not 
to  be  reasonably  expected  during  the  life  of  the  nuclear  power  plant.  If  the  vibratory 
ground  acceleration  of  the  site  is  equal  to  or  greater  than  OBE  acceleration,  the  US 
Federal  Regulation  makes  it  mandatory  to  shut  the  nuclear  power  plant  for 
inspection. 


2.2.2.1  Response  Spectra 

The  main  cause  of  the  structural  damage  during  earthquake  is  its  response  to 
ground  motion  which  is  in  fact  input  to  the  base  of  the  structure.  To  evaluate  the 
behaviour  of  the  plant  under  this  type  of  loading  condition  knowledge  of 
structural  dynamics  is  required.  The  static  analysis  and  design  can  now  be 
changed  to  separate  time-dependent  analysis  and  design.  The  loading  and  all 
aspects  of  response  vary  with  time  which  result  in  an  infinite  number  of  possible 
solutions  at  each  instant  during  the  time  interval.  For  a  design  engineer  the 
maximum  values  of  the  plant  response  are  needed  for  the  structural  design. 

The  response  may  be  deflection,  shear,  equivalent  acceleration,  etc:  the 
response  curves  are  generally  similar  with  majority  variations  occurring  in  the 
vertical  coordinates.  The  variation  occurs  with  magnitude  of  the  earthquake 
and  the  location  of  the  recording  instruments.  Accelerations  derived  from 
actual  earthquakes  are  surprisingly  high  as  compared  with  the  force  used  in 
designs  and  the  main  reason  is  the  effect  of  different  degrees  of  damping. 

The  recorded  earthquake  ground  accelerations  have  no  doubt  similar  prop- 
erties to  those  of  non-stationary  random  functions  but  owing  to  a  lack  of 
statistical  properties  related  to  such  motions  artificially  generated  accelero- 
grams are  used  which  are  flexible  for  any  duration. 

The  following  three  major  aspects  must  be  considered: 

(a)  Location  of  vibratory  ground  motion  for  OBE 

(b)  Direction  of  motion  for  OBE 

(c)  Vertical  Acceleration  associated  with  OBE 


2.2     Loads  73 

This  book  covers  all  aspects  in  detail  when  earthquake  analysis  of  nuclear 
plant  is  considered.  The  reader  is  advised  to  examine  the  author's  book  on 
Earthquake- Assistant  Buildings  published  by  Springer- Verlag,  Germany  (2010) 
particularly  using  analyses  and  loadings  with  and  without  seismic  devices. 


2.23  Extreme  or  Severe  Loads 

These  loads  include  extreme  environmental  conditions,  such  as  tornadoes  and 
the  safe  shutdown  earthquake  postulated  to  occur  during  the  life  of  the  facility. 
Also  included  are  effects  resulting  from  a  postulated  rupture  of  a  high-energy 
system  during  normal  operation,  startup  or  shutdown  of  the  plant  or  other 
postulated  design  basis  accident. 

2.2.3.1  Safe  Shutdown  Earthquake  (£*) 

The  Nuclear  Regulatory  Commission's  Federal  Regulation  10  CFR  100 
Appendix  A,  entitled  'Siesmic  and  Geology  Siting  Criteria  for  Nuclear  Power 
Plants'  sets  forth  principal  seismic  and  geological  considerations  which  shall  be 
used  by  the  Commission  in  its  evaluation  of  the  suitability  of  proposed  sites  for 
nuclear  power  plants.  Contained  within  this  Appendix  are  definitions  and 
procedures  which  are  to  be  used  as  guidehnes  in  estabhshing  the  various  seismic 
input  motion  and  potential  faulting  hazard  for  nuclear  power  plants,  in  the 
USA.  Specifically,  the  safe  shutdown  earthquake  (SSE)  is  defined  as  that  earth- 
quake which  produces  the  vibratory  ground  motion  for  which  structures, 
systems  and  components  are  important  for  safety  of  the  structures  or  systems. 

Required  Investigations 

Paragraph  IV  entitled  'Required  Investigations.'  in  Appendix  A  of  10  CFR  100 
sets  forth  the  required  geologic  and  seismic  investigations  that  should  be  carried 
out  to  estabhsh  vibratory  ground  motion  requirements  and  surface  faulting. 
Sub-paragraph  A  entitled  'Required  Investigation  for  vibratory  Ground 
Motion'  sets  forth  the  specific  investigations  that  should  be  carried  out  to 
establish  the  ground  motion  input  associated  with  the  SSE.  Briefly,  the  items 
that  should  be  considered  to  estabhsh  the  ground  motion  input  associated  with 
SSE  are  as  follows: 

1.  geologic  conditions  at  the  site; 

2.  tectonic  structure  determination; 

3.  identication  of  effects  of  prior  earthquakes; 

4.  determination  of  static  and  dynamic  characteristics  of  underlying  materials; 

5.  historical  listings  of  all  earthquakes  which  may  have  affected  the  site; 

6.  correlation  of  epicentre; 

7.  determination  of  fault  locations; 

8.  characteristics  of  faults  in  the  vicinity. 
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Locations  of  Vibratory  Ground  Motion  for  SSE  should  be  considered  to  be 
acting  at  the  ground  surface  in  the  free  field.  The  maximum  acceleration  of  the 
vibratory  ground  motion  for  the  SSE  should  be  considered  on  the  basis  of 
evaluating  the  result  of  the  investigation  as  stated  above  required  investigation. 
The  guideline  shall  be  on  this  maximum  acceleration  as  the  largest  possible 
acceleration  at  the  site  due  to  a  postulated  fault  activity. 

The  direction  of  motion  for  SSE  shall  generally  be  assumed  as  resultant 
motion  to  correspond  with  one  of  the  principal  horizontal  directions  of  the 
structure  for  the  facihty  being  analysed. 

The  vertical  motion  associated  with  SSE  can  be  established  on  the  basis  of 
the  information  developed  from  the  above-mentioned  investigation.  The  value 
should  not  be  less  than  2/3  of  the  maximum  horizontal  ground  acceleration  of 
the  SSE.  The  frequency  strength  is  between  3.5  and  33  Hz.  The  vertical  accel- 
eration shall  be  equal  in  intensity  to  the  horizontal  component. 


2.2.3.2  Tornado  Loads  (W,) 

Structures  for  the  nuclear  facility  shall  be  designed  to  resist  the  maximum 
tornado  load  for  a  given  plant  site.  The  basis  of  the  design  shall  be  such  that 
the  safety  class  equipment  remains  functional;  even  a  safe  shutdown  of  the 
facility  is  accomplished  in  totahty  without  endangering  the  plant.  The  AEC 
Regulatory  Guide  1.76  recommends  the  design  basis  tornado. 

The  effects  of  a  tornado  that  are  manifested  in  structural  damage  are  gener- 
ated from  three  separate  phenomena:  wind,  differential  atmospheric  pressure 
and  missiles.  These  effects  interact  with  structures  and  cause  damage  through 
three  principal  mechanisms: 

1.  pressure  forces  created  by  drag  and  Uft  as  air  flows  around  and  over 
structure; 

2.  pressure  forces  created  by  relatively  rapid  changes  in  atmospheric  pressure 
resulting  in  differential  pressure  between  the  interior  and  exterior  of  the 
building; 

3.  penetration,  spalling  and  impact  forces  created  by  missiles. 

Tornado  missiles  {Y,„}:  Tornado-generated  missiles  carry  objects  which  are 
accelerated  by  the  forces  induced  by  the  extreme  wind  speeds  of  the  tornado. 
The  parameters  specified  in  the  design  basis  tornado  are  translated  into  pres- 
sures and  forces  acting  on  the  structures  and  its  components.  The  important 
case  is  the  real  analysis  that  would  be  necessary  to  perform  on  the  structure.  The 
analysis  is  known  as  tornado  structure  interaction.  In  this  analysis  the  load 
evaluated  using  a  specific  path  width  of  the  tornado  field  that  experiences  wind 
velocities  >75  mph  (120  km/h)  is  generally  considered. 
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2.2.3.3  Hurricane  Loads 

A  hurricane  by  definition  is  a  cyclone  storm  having  rotational  wind  velocities  in 
excess  of  70  mph  (1 19  km/h).  The  dynamic  strength  of  a  hurricane  builds  up 
over  water,  but  as  it  comes  inland  boundary  layer  drag  forces  cause  a  tremen- 
dous dissipation  of  the  kinetic  energy  of  the  storm  and  the  wind. 

As  regards  wind  distribution  which  is  one  aspect  of  hurricane  loads,  the 
maximum  wind  velocities  generally  occur  to  the  right  of  the  eye  of  the  hurricane 
looking  along  the  direction  of  its  path.  This  is  due  to  vectoral  addition  of  the 
translational  and  rotational  components  of  the  wind.  The  following  data  can  be 
adopted  in  the  absence  of  specific  data  not  available  for  the  site  under 
consideration: 

1.  a  =  Inclination  of  the  direction  of  the  wind  =  20-30  (towards  the  centre  of 
the  hurricane) 

2.  Wind  gust  >  the  sustained  wind  by  30-50% 

3.  Hurricane  diameter:  15  miles  (24  km)  to  100  miles  (160  km) 

4.  Gale  force  wind:  40  mph  (64  km/h  occurring  within  30  miles  (560  km)  to  400 
miles  (640  km) 

Where  sea  swell  surge  and  flooding  occur,  specific  calculations  would  be 
required  to  algebraically  evaluate  the  additional  load  occurring  when  consid- 
ered along  with  other  loads. 


2.2.3.4  Tsunami  Loads 

Tsunami  are  long  ocean  water  waves  generated  by  mechanisms  such  as  earth- 
quakes or  underwater  explosions,  which  impinge  on  coastal  areas.  With  regard 
to  earthquakes  tsunami  appeared  to  be  primarily  associated  with  those  tectonic 
movements  having  substantial  vertical  components  of  motion  (dip-slip).  The 
design  of  nuclear  facilities  to  resist  the  effects  of  tsunami  must  be  undertaken  for 
all  nuclear  site  adjacent  to  coastal  areas,  especially  those  bordering  the  Pacific 
Ocean.  The  basic  criteria  for  tsunami  are  set  forth  in  the  NRC's  Standard 
Format  and  the  Contents  of  Safety  Analysis  Reports  for  Nuclear  Power 
Plant.  These  silent  feature  must  be  known  such  as  the 

(i)  Location  relevant  to  the  site 

(ii)  Magnitude 

(iii)  Tsunami  wave  height 

(iv)  Influence  of  harbour/break  water  and  hydrography 

(v)  Records  of  the  region  with  valuable  statistics 

The  direct  dynamic  force  of  the  moving  tsunami  wave  impinging  against 
structures  of  power  facilities  shall  be  algebraically  added  to  the  force  produced 
due  to  the  impact  of  the  floating  debris  and  water-borne  missiles. 
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2.2.3.5  Missile  Load  (YJ 

In  nuclear  facility  design,  safety  class  structures  shall  be  protected  against  loss 
of  functions  due  to  postulated  plant  generated  and  extreme  environmental 
missiles  depending  on  aircraft  crash  should  be  considered. 

The  effect  of  missile  impact  on  a  target  on  the  material  and  geometric 
properties  of  the  impacting  bodies.  The  phenomenon  can  be  described  in 
general  as  the  formation  of  an  impulse  measured  by  the  momentum  exchange 
between  the  two  bodies  during  the  impact.  Table  2.6  gives  data  on  tornado  and 
wind-generated  missiles. 


Table  2.6   Tornado  and  wind-generated  missiles  and 
concrete  building  components 


their  characteristics:  wood,  steel  and 


Service  load  parameter  and  stresses 

Geometry 

Diameter      Length 

Impact  area 

Velocity 

Weight 

Missile  type 

(mm) 

(m) 

(m') 

(m/s) 

(kg) 

Wooden  plank 

- 

3.67 

0.03 

41.5 

56.7 

Wooden  pole 

200 

3.67 

0.03 

5.73 

94.8 

Circular 

168.3 

4 

0.000026 

70.2 

60 

hollow  sections  in  steel 

(average) 

Sign  boards  (average) 

- 

- 

6.0 

57 

56 

Steel  I-beam  light  sections 

- 

4 

0.000032 

40.5 

100 

(average) 

Steel  members  channel 

- 

3 

0.000013 

50.5 

30 

sections  (average) 

Steel  members 

- 

3 

0.000015 

45.5 

36 

L-sections  (average) 

Steel  rafters 

- 

3 

0.000018 

45.5 

42 

T-sections  (average) 

Steel  rod 

25 

0.92 

0.00049 

75.6 

3.63 

Concrete  lintels 

- 

3 

0.025 

60.5 

1.8 

Concrete  sleepers 

- 

2.7 

0.0031 

75 

0.2 

Precast  concrete  beams  or 

9 

0.09 

60.5 

19.44 

piles  at  delivery  stage 

Precast  concrete  wall  panels 

5 

11.5 

2.5 

1380 

Prestressed 

400 

- 

- 

- 

1.1 

concrete  pipes 

500 

- 

- 

- 

1.375 

600 

- 

- 

- 

1.65 

700 

- 

- 

- 

1.92 

800 

- 

- 

- 

2.2 

900 

- 

- 

- 

2.474 

1676 

6 

0.032 

- 

4.608 

Prestressed 

- 

17 

0.0019 

30.5 

65.7 

concrete  poles 

12 

0.0008 

50.1 

14.46 

9 

0.000025 

65.2 

9.65 
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Missiles  are  usually  classified  by  source  as  plant  (accident)-generated  missile 
and  extreme  environmental  missiles.  Typical  plant-generated  missiles  include 
valve  stems,  valve  bonnets,  (caused  by  rupture  of  high-energy  systems)  and 
turbine  discs  and  other  rotating  masses  (caused  by  rupture  of  rotating  parts). 
Extreme  environmental  missiles  which  are  of  major  concern  include  tornado- 
generated  missile  and  aircraft. 

Table  2.7  gives  a  hst  of  plant-generated  missiles  and  their  characteristics. 
They  depend  on  their  region,  ranges  of  size,  weight  and  impact  velocity. 

Tables  2.8,  2.9,  2.10,  2.11,  2.12,  2.13,  2.14  and  2.15  give  various  aircraft 
parameters  and  their  characteristics  and  impact  parameters. 


Table  2.7   Plant-generated  missile  and  their  characteristics 


Service  load  parameters  and  stresses 

Missile  type 

Weight  (kg) 

Impact  area  (cm") 

Velocity  (m/s) 

Control  rod  mechanism  or  fuel 

53 

15.5 

91.5 

Disc  90  sector 

1288 

495 

125 

Disc  120  sector 

1600 

6573 

156 

Hexagon  head  holts 

1 .4  cm  dia 

0.20 

1.54 

250 

2.0  cm  dia 

0.30 

2.30 

230 

2.4  cm  dia 

0.37 

2.84 

189 

3.3  cm  dia 

0.42 

3.22 

150 

6.8  cm  dia 

0.97 

7.44 

100 

Turbine  rotor  fragments 

High  trajectory 

Heavy 

3649 

5805 

198 

Moderate 

1825 

3638 

235 

Light 

89 

420 

300 

Low  trajectory 

Heavy 

3649 

5805 

128 

Moderate 

1825 

3638 

162 

Light 

89 

420 

244 

Valve  bonnets 

Heavy 

445 

851 

79 

Moderate 

178 

181 

43 

Light 

33 

129 

37 

Valve  stems 

Heavy 

23 

25 

37.5 

Moderate 

14 

9.7 

20 

Others 

30  cm  pipe 

33.7 

260 

68 

12  cm  hard  steel  disc 

1.6 

113 

140 

Steel  washer 

0.0005 

3 

250 

Winfirth  test  missile 

15.6 

176 

240 
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Table  2.8   Civilian  sircraft 
Service  load  parameters  and  stresses 

Data  on  civilian  and  military  aircraft 

Civilian  aircraft  normally  in  service  includes  Concorde,  Airbus,  Boeing,  Antonov,  Ilyushin 
and  Tupolov 

S  =  span;  L  =  length;  H  =  height;  A^  =  wing  area;  Pl  =  payload 

V  =  speed;  W.^  =  weight  at  take-off  or  loading 

Basic  parameters  of  Concorde 

Power  Plant 

4x  38,050  lb  (169  kN) 

RoUs-Royce/Sneema  Olympus 

593  Mk60  two-spool  turbojet 

5(m)  25.61 

L(m)  62.1 

Him)  12.19 

A'^  (m^)  358 

/'i4kg)  11,340 

F(km/h)  2150 

u'^  (kg) 186,800 

Tables  2.16,  2.17,  2.18,  2.19,  2.20,  2.21,  2.22  and  2.23  dictate  again  various 
military  missiles  with  their  characteristics  and  impact  parameters. 

For  details  and  in-depth  study  references  are  made  to  the  following  authors: 

(a)  Impact  Explosion  Analysis  and  Design,  Blackwell,  1993. 

(b)  Manual  of  Numerical  Methods  in  Concrete,  Thomas  Tefford. 

(c)  Shock,  Impact  &  Explosion,  Springer,  2008. 


2.2.3.6  Design  Basis  Accident  Load 

In  addition  to  accident-generated  missile  loads  there  are  several  loading  pheno- 
mena generated  as  the  result  of  a  design  basis  accident  which  normally  includes 
all  postulated  high-energy  system  ruptures.  Included  in  this  category  are  all 
accident-induced  pressure  and  temperatures,  as  well  as  high-energy  fluid  jet 
impingement  and  rupture  reaction  loads.  The  criteria  for  defining  design  basis 
high-energy  system  ruptures  are  found  in  the  NRC  Standard  Review  Plan. 


Accident  Pressure  (PJ  and  Temperature  (r^) 

These  pressures  and  temperatures  are  typically  developed  as  a  result  of  the 
blowdown  of  a  high-energy  system  into  a  confined  space.  They  typicaUy  include 
the  containment  design  pressure  and  temperature  as  well  as  differential  pressure 
and  temperature  across  interior  partitions  or  structures  which  house  ruptured 
high-energy  systems. 
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Table  2.11   Aircraft  information  Boeing  767-200ER 


Aircraft  information 


Boeing  767-200ER 

General  specifications 


Passengers 

Typical  3-class  configuration 
Typical  2-class  configuration 
Typical  1 -class  configuration 


181 
224 
up  to  255 


Cargo 


Engines'  maximum  thrust 

Pratt  &  Whitney  PW4062 
General  Electric  CF6-80C2B7F 


Maximum  fuel  capacity 


lUlaximum  tal<eoff  weight 


lUlaximum  range  6,600  nautical 

Typical  city  pairs:  New  York-Beijing    12,200  km 


Typical  cruise  speed 
at  33,000  ft 


0.80  Mad 

530  mph  (850  km/h) 


Basic  dimensions 

Wing  span 
Overall  length 
Tail  height 
Interior  cabin  width 


156  ft  1  in.  (47.6  m) 
159  ft  2  in.  (48.5  m) 
52  ft  (15.8  m) 
15  ft  6  in.  (4.7  m) 


FEDERAL  EMERGENCY  MANAGEMENT  AGENCY 
Service  load  parameters  and  stresses 


Note:  This  aircraft  has  been  used  in  the  Twin  Tower  collapse. 
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Table  2.13   (a)  Data  on  the  F- 
F- 14  Tomcat 


5;  (b)  data  on  the  F/A-18  Hornet  and  (c)  data  for  the  Grumman 


Service  load  parameters  and  stresses 


(a)  Data  on  F- 15 


5(m) 
L(m) 
//(m) 

Pl  (kg) 
K(km/h) 
w'a  (kg) 
Armament 


(b)  Data  on  F/ A  - 1 8  Hornet 


S(m) 
L(m) 
H{m) 

Pi.  (kg) 
F(km/h) 
"a  (kg) 
Armament 


(m'j 


(c)  Data  on  F- 14  Tomcat 


5(m) 

L(m) 
//(m) 
/I 


Power  plant 
2  No.  Pratt  and  Whitney 
F-lOO-PW-220  each  with 
24,000  lb  thrust 

13.05 
19.45 
5.64 


7000 
2500 
20,000 

4  AIM-9L/M  infrared-guided  Sidewinder  missiles;  4  AIM- 
7F/M  radar-guided  Sparrow  missiles:  8  advanced  medium- 
range  air-to-air  missiles  (AMRAAMs);  M-61  20  mm 
Gatling  gun  with  940  rounds  of  ammunition. 
Accommodates  a  full  range  of  air-to-ground  ordnance 

Power  plant 
2  No.  F404-UF'-400 

Low  bypass  turbofan  engines  each  in  1600  lb  (70.53  kN) 
thrust  and  with  a  thrust/weight  ratio  of  8: 1 

11.43 
17.06 

4.7 
37.2 


2700 
24,402 

Up  to  771 1  kg  maximum  on  nine  stations:  two  wing-tips  for 
sidewinder  heat-seeking  missiles;  two  outboard  wings  for 
air-to-ground  ordnance;  two  inboard  wings  for  Sparrow 
radar-guided  missiles,  air-to-ground  or  fuel  tanks;  two 
nacelle  fuselages  for  Sparrow  missiles  or  sensor  pods:  one 
centreline  for  weapons,  sensor  pods  or  tank.  Internal 
20  mm  cannon  mounted  in  nose 

Power  plant 
F-14A  F-14B,  C 

2  X  20,900  lb  (9480  kg)  2  x  28,090  lb  (12,741  kg)  thrust 

thrust  Pratt  and  Whitney        Pratt  and  Whitney  F40 1-400 
TF30-1412A 

Two  shaft  after-burning  turbofans 
1 1.630  (68°  sweep)  Safely  landing 

19.54  (20'  sweep) 
18.89 
4.88 


(m^) 


2.2     Loads 


87 


Table  2.13   (continued) 


Service  load  parameters  and  stresses 


^L  (kg) 
r(km/h) 


»■«  (kg) 
Armament 


17010 

Mach2.3or  1564  mph 
maximum  speed 
400-500  km/h  cruise  speed 

27216 

AIM-54  Phoenix  missiles 
AIM-7  Sparrow  missiles 
AIM-9  Sidewinder 
missiles 


Table  2.14   (a)  Comparison  data  of  MIG  aircraft  and  (b) 

Data  on  the  British  Aerospace 

Jaguar 

Service  load  parameters : 

ind  stresses 

Power 

MIG- 19 

MIG-23 

MIG-25 

plant 

(Mikoyan) 

MIG-21 

(Flogger) 

(Foxbat) 

MIG-27 

Engines 

Single  seater 

Single  seater 

Single  seater 

Single  seater 

Single  seater 

2x600  lb 

Range 
turbojet 

17,640  lb 

27,000  lb 

17,6401b 

(3040  kg) 

11,2401b 
(5100  kg) 

(8000  kg) 

(12,250  kg) 

(800  kg) 

to  2x7165  lb 

to 

to 

thrust,  2 

to 

(3250  kg) 

41501b 

25,350  lb 

Tumansky 

25,350  lb 

Kimov 

(6600  kg) 

R-266 

(11,500) 

RD-39B 

Tumanskey 

(11,500  kg) 

after- 

thrust, 1- 

turbojets 

burning 

single  shaft 

thrust,  1 

Tumansky 

turbofan 

turbojets 

Tumansky 

after-burning 

turbofan 

5(m) 

9 

7.15 

8.7  (72°sweep) 
14.4(16 
sweep) 

14  Foxbat  A 

8.7  (72°sweep) 
14.4(16 
sweep) 

L(m) 

13.08  (S-5F) 

14.35 

16.15 

22.3 

(Foxbat  A) 
22.7 

(Foxbat  R) 
23.16 
(Foxbat  U) 

16.5 

^(m) 

4.02 

4.5 

3.96 

5.6 

4.6 

^w(m') 

PL(kg) 

3760 

4600 

7050 

14,970 

9900 

V 

Mach  1.3  or 

Mach  2.1  or 

Mach  1.1  or 

Mach  3.2  or 

(km/h) 

1480  km/h 

2070  km/h 

1350  km/h 

3380  km/h 

(92  mph) 

(1285mph) 

(840  mph) 

(2100  mph) 

Wa  (kg) 

9500 

9800 

15,000 

34,930 

17,750 

2     Loads  and  Material  Properties  for  Nuclear  Facilities 
Table  2.14   (continued) 


Service  load  parameters  and  stresses 

Power  plant 

2  No.  Rolls-Royce  Terbomeca  Adour  two  shaft  turbofans 

7305  lb  (3313  kg)  to  8000  lb  (3630  kg)thrust 

Sim) 

8.69 

L  (m) 

15.4-16.42 

H(m) 

4.92 

A„  (m^) 

^L  (kg) 

6800 

F(km/h) 

1450 

H-a  (kg) 

1550 

Armament  and 

2  No.  30  mm  DFA  553  each  with  150  rounds 

other  data 

5  No.  pylons  with  total  external  loads  of  4536  kg  with  guns 

2  No.  30  mm  Aden  for  its  T-2  model 
Matra  550  Magic  air-to-air  missiles 


Jaguar  A  and  B  and  EMK  102  Audor  engines 

Jaguar  S  MK  104s  \    Audor  engines  ^     Using  digital  quadruples  fly-by-wire 

MK  108s  J  \^    control  system 

Jaguar  Act 
Jaguar  FBW 


Jet  Reaction  ( Y,) 


} 


As  a  result  of  the  postulated  rupture  of  a  high-energy  system  there  develops  an 
unbalanced  differential  pressure  force  plus  a  mass  transfer  momentum  effect 
due  to  fluid  being  ejected  from  the  rupture.  In  actuality  an  unbalanced  external 
force  develops  on  the  system  at  each  change  in  area  and  direction  in  the  system. 
Typical  reaction  load  characteristics  due  to  a  postulated  rupture  are  given  in  the 
ANS  N-176  guide. 

Jet  Impingement  ( Yj) 

As  a  result  of  a  high-energy  system  rupture  a  high-energy  fluid  jet  may  form 
which  would  impinge  on  structures  within  its  path.  These  structures  in  general 
would  be  designed  4o  resist  the  momentum  transfer  resulting  from  the  structure 
stopping  the  jet. 

Reaction  Load  Due  to  Accident-Induced  Differential  Movement  (i?„) 

Many  structures  and  components  are  supported  by  primary  structures  which 
would  undergo  deformation  from  an  accident  condition  and  thereby  induce 
loads  in  the  supported  structure  or  component.  Examples  of  this  effect  would  be 
loads  on  piping  systems  attached  to  the  containment,  which  would  be  induced 
when  the  containment  expands  due  to  accident  pressure  and  temperature 
effects. 
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Table  2.15   Data  on  the  Dassault  aircraft 

Service  load  parameters  and  stresses 

S                 L            H         A^          P^ 
Type  and  power  plant             (m)              (m)         (m)       (mm)      (kg) 

V 
(km/h) 

"'a 

(kg) 

Dassault  Breguet  Fl 

Single-seater  multi- 
mission  fighter,  7200  kg 
thrust,  SNECMA  Atar, 
9  K-50  single  shaft 
turbojet 

Estendard  IVM  and  WP 

Single-seater  strike  fighter, 

4400  kg  thrust,  SNECMA 
Atar, 

8B  single  shaft  turbojet 

Super  Estendard  single- 
seater  strike  fighter, 
5110  kg  thrust, 
SNECMA  Atar 

8  K-50  single  shaft 
turbojet 

Mirage  3  and  5 

Single-seater  or  two-seater 
interceptor, 

trainer  and  reconnaissance 
aircraft, 

6000  kg  thrust,  SNECMA 
Atar, 

93  single  shaft  turbojet 

Mirage  2000 

Mirage  3 1 5  and  F-1 
improved  version  of 
these  aircraft  with 
engines  SNECMA 
turbofans 

Mirage  4000 

SNECMA  M53,  single 
shaft  bypass  turbofan  8 
stage  axial  compressor  2 
X  14,500  lb 
(2  X  6579  kg)  thrust 

Armament  Mirage  4000 

Internal  cannons 
2  X  30  mm 

4  long-range  missiles 

4  air-to-ground  missiles 

2  air-to-surface  missiles 


B.4 


9.6 


9.6 


3.22 


12 


Bombs 


Rockets 
68  mm 


4.5 


7400 


1472 


14.900 


14.4        4.26 


14.31      4.26 


5800        1083 


6300        1200 


10,000 


11,500 


15.5        4.25 


6156        1390 


12,000 


15 


4.5 


7800        2200 


9000 


18.7 


4.5 


13000      2300 


16,100 


Anti-runway  Durandal  up  to  27 

Clean  or  retarded  (250  kg)  up  to  27 
Laser  guided  (250)  up  to  27 
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Helicopters 

Helicopters  are  more  vulnerable  than  aircraft  in  warfare.  In  peace  time  a 
helicopter  may  crash  after  losing  a  rotor  or  hitting  objects  such  as  offshore 
platforms,  buildings,  helipads  or  their  surrounding  structures.  Table  73  gives 
useful  data  for  some  types  of  helicopters  in  the  book  "Shock,  Impact  and 
Explosion"  by  the  authors  pubhshed  by  Springer- Verlag  (Germany)  2008. 


2.2.3.7  Load  Combinations 

Based  on  American  Standards 

Load  Combinations  for  Concrete  Structures 

Design  load  combinations  for  concrete  structures  are  given  in  the  following  two 
industry  standards,  depending  on  the  type  of  structure  being  designed. 

1.  Code  for  Concrete  Reactor  Vessels  and  Containments  -ASME  Section  III, 
Division  2  and  ACT  359-77.  Prepared  by  Joint  ACI-ASME  Technical  Com- 
mittee on  Concrete  Pressure  Components  for  Nuclear  Service. 

2.  Standard  for  Design  of  Concrete  Structures  in  Nuclear  Service  other  than 
Pressure  Retaining  Components  ACI-349. 

The  loading  equations  found  in  these  industry  standards  may  not  agree  with 
NRC  published  guidelines.  In  such  cases  the  designer  should  be  assured  the 
load  combinations  used  are  acceptable  to  the  regulatory  authorities. 

3.  Load  Combinations  for  Steel  Structures  -For  steel  structures,  a  definitive 
industry  standard  (ANSI  N690)  is  stiU  used.  In  general,  load  combinations 
are  acceptable  if  they  are  found  in  accordance  with  the  foUowing 

4.  For  service  load  conditions,  either  the  elastic  analysis  working  stress  design 
(WSD)  methods  of  Part  1  of  the  AISC  Specification  or  the  plastic  (limit) 
analysis  load  factor  design  (LRFD)  methods  of  Part  2  of  the  AISC  Specifi- 
cation may  be  used. 

If  the  elastic  analysis  WED  methods  are  used,  the  following  load  combi- 
nations should  be  considered: 

\.  D  +  L 

2.  D  +  L  +  Eq 

3.  D  +  L  +  W 

If  thermal  stresses  due  to  Tq  and  R  are  present,  the  following  combinations 
should  also  be  considered: 

la.  D  +  L+Ta+Ro 

2a.  D  +  L+To+Ro  +  Eo 
3a.  D  +  L+Tq+Rq  +  W 

Both  cases  of  L  having  its  full  value  or  being  completely  absent  should  be 
checked. 
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If  plastic  (limit)  analysis  LRFD  methods  are  used,  the  following  load  com- 
binations should  be  considered: 

1.  1.7D+1.7L 

2.  l.VD+l.VL+l.y^o 

3.  1.7D+  1.7L+1.7W 

If  thermal  stresses  due  to  Tq  and  Rq  are  present,  the  following  combinations 
should  also  be  considered: 

lb.  1.3(D  +  L+  Tq  +  Rq) 

2b.  1.3(D+  L+  Eo+To  +  Ro) 

3b.  1.3(D+  L  +  W  +  Tq  +  Ro) 

Both  cases  of  L  having  its  full  value  or  being  completely  absent  should  be 
checked. 

For  factored  load  conditions  which  represent  extreme  loads  the  foUowing 
load  combinations  should  be  considered: 

Elastic  analysis  WSD  methods  are  used: 


4. 
5. 
6. 
7. 
8. 

D  +  L+To  +  Ro 
D  +  L+To  +  Ro 
D  +  L+T,,  +  R., 
D  +  L+T^  +  R., 
D  +  L+T^  +  R.^ 

+  El 
+  Wi 

+  Pa 
+  P.+ 
+  P.+ 

lOiYj  +  ¥,.  +  Y,n)  +  Eo 
10{Yj  +  Y,.  +  Y„,)  +  El 

If  plastic  (limit)  analysis  ] 

LRFD  methods  are  used: 

4. 
5. 
6. 
7. 
8. 

D  +  L+T0  +  R0  +  El 
D  +  L+To  +  Ro+Wt 

D  +  L+Ta  +  Ra+  1.5Pa 

D  +  L+T^  +  R.,  +  1 .25Pa  +1.0(7;+  F,  +  Y„,)  +  1 .25E, 
D  +  +T^  +  R,,  +  l  .OP,,  +  1 .0(  Yj  +  F,  +  y,„)  +  1 .25El 

European  Codes 

The  most  important  codes  indulging  in  nuclear  facihties  are  EC2,  EC3,  ECS, 
EC9,  etc.  It  is  extremely  difficult  to  specifically  assign  combination  for  nuclear 
facility.  The  best  possible  combination  can  be  given  after  examining  various 
design  practices  in  Europe  where  European  codes  are  used,  all  loads  can  be 
calculated  using  respective  codes.  The  foUowing  combinations  of  various  loads 
are  given  below: 

U=  1.4D+  \.1L 

C/=  0.75(1.4/)+  1.7L±  1.87£') 

C/=  0.75(1.4/)+  1.7L±  1.7  IT) 

U^0.9D±  1.43£ 

U==0.9D±  1.3  W 

C/=  l.4D+l.7L  +  L''Hm,p 
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U=0.9D+  \.1H 

U  =0.15{\AD  +  \ATi  +  \.1L) 

U=  1.4(0 +Td) 

For  reinforced  concrete  the  following  modifications  are  introduced  where 
earthquakes  are  involved: 

U=  1.4{D  +  L±E) 
U^0.9D±  \AE 

where  U=  required  strength  to  resist  factored  loads  or  related  internal  moments 
and  forces;  D  =  dead  loads  or  related  internal  moments  and  forces;  L  =  live  loads 
or  related  internal  moments  and  forces;  W  =  wind  loads  or  related  internal 
moments  and  forces;  E  =  load  effects  of  earthquake  or  related  moments  and 
forces;  T^/=  internal  moments  and  forces  due  to  differential  settlement,  creep, 
shrinkage  or  temperature  effects;  //mep  =  moments  or  forces  due  to  earth  pressure. 
Loads  computed  from  the  Euro  codes  can  still  be  combined  using  American 
practices  given  above.  Care  should  be  taken  that  all  industrial  concerns  have 
been  consulted  and  approvals  are  obtained  for  the  design  of  various  structural 
elements  of  nuclear  facihties. 

2.3  Determination  of  Impulse/Impact  caused  by  Aircraft 
and  Missiles:  Load  (/) 

2.3.1  General 

An  impactor  in  the  form  of  an  aircraft  or  a  missile  develops  from  initial  velocity 
to  a  velocity  caused  by  its  movement  under  the  action  of  its  own  weight  or  a 
booster's  force.  In  any  circumstances,  if  the  kind  of  velocity  is  not  vertical  it  wiU 
move  in  a  curve  and  its  flight  can  be  evaluated  in  terms  of  horizontal  and 
vertical  components  of  displacement,  velocity  and  acceleration.  Alternatively, 
the  directions  are  controlled  in  any  specific  direction  from  the  control  centre. 

2.3.1.1  Direct  Impulse/Impact  and  Momentum 

An  impulse  is  defined  as  a  force  multiphed  by  time,  such  that 

Fi{t)=  I  Fdt  (2.1) 

where  F\  [t]  is  the  impulse,  i^is  the  force  and  ris  the  time.  The  momentum  of  a 
body  is  the  product  of  its  mass  and  its  velocity: 

Momentum  =  mv  (2.2) 

where  m  is  the  mass  and  v  is  the  velocity  =  dxjdt.  Both  velocity  and  momentum 
are  vector  quantities;  their  directions  are  the  same.  If  a  body  is  moving  with  a 
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constant  velocity,  its  momentum  is  constant.  If  velocity  is  to  be  changed,  a  force 
fmust  act  on  the  body.  It  follows  that  a  force  Fmnst  act  in  order  to  change  the 
momentum. 


or 


F  =  mdv/dt 


Fdt  =  mdv 


(2.2a) 


Integrating  both  sides 


mdv 


F\{t)  =  m{v  —  u) 


(2.3) 


where  u  and  v  are  the  velocities  at  times  t\  and  t2,  respectively.  If  the  initial 
velocity  m=  0,  Eq.  (2.3)  becomes 

I  =  mv  (2.3a) 

Thus  the  impulse  of  a  force  is  equal  to  the  change  in  momentum  which  it 
produces. 


2.3.1.2  Impacts/Collisions  of  Aircraft 

When  two  solid  aircrafts  are  in  contact,  they  exert  equal  and  opposite  forces  or 
impulses  on  each  other  and  they  are  in  contact  for  the  same  time.  If  no  external 
force  affects  the  motion,  the  total  momentum  in  the  specific  direction  remains 
constant.  This  is  known  as  the  principle  of  conservation  of  linear  momentum. 
When  two  aircrafts  mx  and  mj,  colHde  (Fig.  2.1),  the  mass  ratios  are  then 
calculated  from  Eq.  (2.1): 


Fu{t)  ^  m\{v\  -  III)  =       Fidt 
F\2{t)  =  m{v2  -ui)  ^   /  Fidt 


(2.4) 


m2    V2 

m,    V, 

Aircraft  I  or  nuclear  structure 


Aircraft  II 
Fig.  2.1  Direct  impact 
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Since  j' F\dt  =  j' F^dt  =  0,  the  relationship  between  the  velocity  change  and 
mass  becomes 

mi/mx  =  (uiMi)/(i;2  -  uj)  (2.5) 

During  the  coUision  process,  although  the  momentum  is  conserved,  there  is  a 
loss  of  energy  on  impact  which  is  determined  using  the  concept  of  the  coefficient 
of  restitution,  e,  which  is  defined  as  the  relative  velocity  of  the  two  masses  after 
impact  divided  by  the  relative  velocity  of  the  two  masses  before  impact.  Before 
impact 

e  =  (ui  -  vi)/  -  {u\  -  M2)  =  0 

When  the  relative  velocity  vanishes,  and 

e  =  {d\  —  vt)/  -  {u\  —  ui)  =  \  (2.5a) 

there  is  no  loss  of  relative  velocity. 

Where  e<  1 ,  it  is  related  to  the  loss  in  kinetic  energy,  and  where  M2  =  0  (refer  to 

Eq.  (2.5a) 


m\{D\  -  M|)  +m2{v2)  =  0 
v\  —  V2  =  eu\ 


(2.6) 


Hence 


v\  =  u\{m\  —  em2)/{m\  +  nij)  (2.6a) 

V2  =  ui[{l +e)mi/{mi +m2)]  (2.6b) 

The  original  kinetic  energy  (KE)  =)^m\u\ 

The  final  kinetic  energy  (KE)    =  j{miv\  +  W2 Vj) 

(KE)'  -  (KE)"  =  ^nnu]  -\{'niv]  +  m2vl)  (2.7) 

Substituting  the  values  of  ui  and  U2 

(KE)'  -  (KE)"  =  (KE)'[mi(l  -  e')/(772i  +  ^2)]  (2.8) 
The  displacement  resulting  from  a  short-duration  (t)  impact  is  given  by 

X  =  h{t  -  t)  (2.9) 
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where  t  is  the  time  beyond  x.  For  dynamic  analysis,  the  impact  time  is  divided 
into  ns  small  segments  and,  using  Eq.  (2.3a), 


1    " 

X=—y^D„In{t 


T„) 


m- 

°  (2.10) 

1 

m.lo 


/   F{t-x)dx 
Jo 


The  impact  is  divided  into  two  phases  such  that  in  the  first,  from  time  ?i  to  to, 
there  will  be  compression  and  distortion  until  (vi  +  V2)  are  both  reduced  to  zero 
(the  both  aircrafts  moving  together);  in  the  second,  the  elastic  strain  energies  in 
the  aircraft  are  restored  and  are  separated  by  a  negative  velocity, 
-F2  =  (vi  +  V2). 

During  the  second  phase  the  impulse  relation  between  the  aircraft  (Fy—Fyo)  will 
be  proportional  to  Fxo  and  the  coefficient  or  restitution  e  defined  above  is  written  as 

e=iFT-FTo)/FTo  (2.11) 

where  Fi  is  the  total  impulse  during  the  impact  and  F^o  is  the  impulse  in  phase 
one. 

At  time  tg 

f'0  =  O|0  +  U20  =  lJl+f— +D2-— )  -0  (2.12) 


hence 


V=vi  +  D2=(—  +  —]fto  (2.13) 

\mi      mjj 

Similarly,  at  time  ^2  the  relationship  becomes 

Vo-V2  =  Ft(—  +  —]  (2.14) 

Using  Eq.  (2.11),  the  expression  given  in  Eq.  (2.5a)  may  be  written  in  the 
form 

-^e  (2.15) 

Equations  (2.6),  (2.6a)  (2.6b)  result  from  the  above  method.  However,  from 
Eq.  (2.1 1)  the  total  impulse  is  rewritten  as 

\mi+m2j  (2.16) 

M{\+e)V 
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where  Mis  the  equivalent  combined  mass  of  the  aircrafts. 

The  changes  in  velocity  after  impact  of  the  aircrafts  are  written  as 

M  M 

AVy=—{\+e){vx+V2)=—{\+e)V 
m\  nil 

M 

AVj=—(\+e)V 


(2.17) 


2.3.1.3  Oblique  Impact 

When  two  aircrafts  colhde  and  their  axes  do  not  coincide,  the  problem  becomes 
more  complex.  With  obhque  impact,  as  shown  in  Fig.  2.2,  two  impulses  are 
generated:  the  direct  impulse,  F-[,  and  the  tangential  impulse,  F^-  The  latter  is 
caused  by  friction  between  the  impacting  surfaces  and  by  local  interlocking  of 
the  two  aircraft  in  the  common  surface.  Let  the  angular  velocity  of  the  two 
aircrafts  be  Oi  and  62,  respectively.  If  F'j/Fj  =  1'  and  the  body's  centre  of 
gravity  has  a  coordinate  system  Jf  and  7, the  components  of  the  vector  velocity. 
Viand  Ml,  normal  to  the  impact  surface  may  be  written  as  follows: 
xi  —  ji  system 


vi  =  |vi|  costal 
u  =  \v\  sin  01 


(2.18) 
(2.18a) 


Fig.  2.2    Oblique  impact  of  the  bodies  of  two  different  objects 
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Similarly,  U2  is  written  as 

\V2\^V{VI  +  U\) 

fi  =  tan"'(M2/v2) 
The  momentum  equations  for  the  bodies  are  summarised  below: 


(2.19) 
(2.19a) 


wiiu'i  —  Fj  =  miv'2 
mil/ 1  —  I'Fj  =  miu'2 


m\E}\Q'  \  +  i^Tji  —  /^FjX\ 

where  u  1,  u  2,  m  1  and  u  2  are  for  tx  and  tj- 
X2  —  J2  system 


mi  R^  10' 2 


body  1 
(2.20) 


m2v"  —  Fj  =  m2V2 

"12""  1  —  i'-fx  =  ntiUj 

m2l^20' 2  +  FTy2  —  /^Fjxi  —  m2B?'20'2  , 


body  2 
(2.21) 


where  mi^^iand  «ii?^2<ire  the  second  moment  of  inertia  about  the  vertical  axis 
passing  through  the  centre  of  gravity.  The  rate  of  approach  and  the  shding  of 
the  two  surfaces  at  the  point  of  contact  can  be  written  as 


AV\  =  x)\  +  \)2  —  d\y\  —  (?2>'2 

AV2  =  «1  +  M2  —  dlX\  —  '?2-'^2 


(2.22) 
(2.23) 


The  addition  to  these  equations  is  the  restitution  given  by  Eq .  (2 . 1 5)  in  which 
when  Eq.  (2.22)  is  substituted  and  then,  in  the  final  equation,  Eq.  (2.20)  is 
substituted,  the  value  of  Ft  is  evaluated  as 


V{\ 


Ci  —  AC2 


where 


Ci 


1 
mi 

C2 


n 

miRj 


1 

«12 

-y2j'2 

m2-/?2" 


fl 


(2.24) 

(2.24a) 
(2.24b) 


Using  Eqs.  (2.20)  and  (2.21) 


Dj  - 
u'2 


v'l  -  {Ft  I  mi) 
m'i  —  {a!  Ft /mi) 


(2.25) 


=  01  + 


yi-  ^  X2 

miR\ 
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U  2  =  U    I 


U  2~  U    1 


-01  + 


7'j 

W2 

XFt 

OT2 

yi  —  )!x2 


(2.26) 


Figure  2.3  shows  plots  for  Eqs.  (2.25)  and  (2.26).  It  is  interesting  to  note  that 
larger  values  of  )■!  show  greater  interlocking  of  the  surfaces  of  the  two  aircrafts 
and  with  e  reaching  zero,  a  greater  plastic  deformation  occurs. 


15.0 

m/s 
12.5 

10 

7.5 

5.25 


2.5 


-10.0 


-7.5  -- 


-5.0 


-2.5 


0  0.1  0.2  0.3 

Fig.  2.3  Velocity  versus  )!  for  oblique  impact  problems 
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2.3.1.4  Case  Studies 

(1)  One  aircraft  impacting  a  rigid  barrier,  or  containment  vessel  located  with  no 
angular  velocity 

1 


—  =  0,     ui  =  0,     Mi=0,     01  =  0 

(2.27) 

mi  V        RiJ                  \miR-iJ 

(2.27a) 

v',^v\{y]-A'xiyi-R^)/l 

(2.27b) 

,         ,        ,fl'il+e)R^\        ■       (l+e)(ji- 

-I'xi) 

(2.27c) 

X  =  y\  -  I'-^'y  +  R^ 

(2.27d) 

where 

(2)  Circular  impactor  with  radius  rj. 

x\  =  r\     and    y\  =  0  (2.28) 

v)\  =  ev\  (2.28a) 

i4  =  Mi -;/u'i(l+e)  (2.28b) 

Oi  =  -u'ii'ri(l+e)/i?2  (2.28c) 

For  a  circular  impactor,  R-  =  2r\/5 

0=-u'i(5/l'(l+e)/2n)  (2.28d) 

(3)  Inelastic  collisions.  The  value  of  e  =  0  in  the  above  case  studies: 
Case  study  (1) 

v'l  =  i^'i(>'"i  -  ?'xiy]_)/l 

i/2-m'i -u'i(l'i?VI)  (2.29) 

Qi  =  (>'i  -l'xi)/i 
Case  study  (2) 


Dj  =  U,  M  2  =  "l   —  /.  V[ 

01  =  -v'lin/i?-  =  -2.5v'il/ri 


(2.30) 
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(4)  Where  no  interlocking  exists,  "/!  in  the  above  expressions. 

This  means  the  aircrafts  do  not  interlock  each  other  but  their  bodies  have 
created  damages. 


2.5.2  Aircraft  Impact  on  Nuclear  Structures 
and  Frequency 


Peak  Displacement 


2.3.2.1  General 

A  great  deal  of  work  has  been  carried  out  on  the  subject  of  missile  and  aircraft 
impact.  Tall  structures  are  more  vulnerable  to  civilian,  wide-bodied  jets  or  multi- 
role  combat  aircraft.  A  great  deal  of  work  on  this  subject  will  be  reported  later.  In 
this  section  a  preliminary  analysis  is  given  for  the  determination  of  peak  displace- 
ment and  frequency  of  a  tall  structure  when  subject  to  an  aircraft  impact.  As 
shown  in  Fig.  2.4,  the  overall  dimensions  of  the  building  are  given.  Let  A  be  the 
base  area  and  h  be  the  maximum  height  of  the  building.  According  to  the 
principle  of  the  conservation  of  momentum,  if  «i  is  mass  and  ujis  the  velocity  of 
the  aircraft  approaching  the  building,  then  using  a  linear  deflection  profile 


/(f)  =  Fi{t)  =  mvi 


pAh\ 


1^20 


(2.31) 


aircraft  impact 


% 


base  area  A 


Fig.  2.4 
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where  p  is  the  density  or  average  specific  weight  and  vjq  is  the  velocity  of  the  tip 
of  the  nuclear  facility. 

The  initial  velocity,  djo,  of  the  facihty  can  thus  be  evaluated  from  Eq. 
(2.31).  Free  vibrations  studied  by  the  time-dependent  displacement  8{t)  is 
given  by 

^  [d2o/ [In/ T)]%\nmt  (2-32) 

=  [u2o/y(^s/"is)]sinffl? 

where  co  is  the  circular  frequency  and  k^  and  m^  are  the  equivalent  nuclear 
facihty  stiffness  and  mass,  respectively. 

Using  Eq.  (2.31)  for  U20  and  smwt  =  1  for  (5niax(0'  ^^^  peak  dynamic  dis- 
placement, ^max(0'  is  given  by 

^max(f)  =  mvigT/npAh  (2.32a) 

The  equivalent  point  load  generated  for  the  peak  dynamic  displacement  is 
given  by  Eq.  (2.32a).  If  that  load  is  Fi{t),  then  work  done  is  equal  to  the  energy 
stored  and 

i^iWx<5„,ax(0  =  ^MLx(0  (2-33) 

for  which 

Fi{t)=^k,3rnUt)  (2-33a) 

While  momentum  is  conserved,  a  portion  of  energy  of  the  aircraft  is  lost  on 
impact.  The  loss  of  energy  Ei  is  then  written  as 

Ei^^-{pAh/mg)iv2o/vif  (2.34) 

Equation  in  case  study  (1)  and  Eq.  (2.29)  for  inelastic  colhsions  are  applied 
with  and  without  the  interlocking  parameter,  1'. 

The  velocity  of  the  new  target  for  the  ideal  plastic  impact  is  given  by 

Ml  =  [{mb{t)  +  mi)ul  +  miul]/[{m\,{t)  +  2mi)]  (2.35) 

Again  the  superscripts  +  and  -  indicate  just  after  and  just  before  impact. 
Wolf  et  al.  (3.169)  tested  their  work  on  rigid  and  deformable  targets.  Data  used 
in  their  work  are  reported  below: 
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Rigid  target 

Boeing  707-320 

Wa=  127.5  Mg 

m^  =  38.6  Mg  included  in  m^ 

Ey  =  2  X  10"\er=  5  x  10"' 

Deformable  target 

Impact  area  =  37.2^5.1  m" 


Private  Communication  Feb  1993. 
Also  reported  in  the  Author's  book 
"Impact  &  Explosion  1993"  published  by 
Blackwell  Science,  Oxford  1993. 


The  tables  given  for  aircrafts  and  other  impacts  give  data  to  be  used  for 
load-time  function  or  relationship  for  rigid  and  deformable  targets.  The  elastic 
and  inelastic  systems  have  been  included. 

The  method  of  Wolf  et  al.  was  idealised  into  3D  Finite  Element  method 
using  programs  BANG  and  ISOPAR.  Both  flexible  and  rigid  targets  of 
15,000-350,000  isoparametric  elements  with  750,000  hybrid  mixed  elements 
for  the  aircraft  were  adopted.  The  force  time-function  relationships  were 
combined  and  they  are  plotted  for  various  aircrafts.  The  comparative  study  is 
given  for  these  aircraft  in  (Fig.  2.5).  This  graph  is  readily  available  for  the 
respective  impact  or  crash  analysis  of  any  structure.  These  graphs  can  be 
improved  by  analysing  other  types  of  aircrafts. 


Fig.  2.5  Model  aircraft  impacting  against  a  rigid  surface 

2.3.3  Finite  Element  Applications 

This  subject  has  been  dealt  with  in  much  greater  detail  in  Chapter  3  using 
dynamic  finite  element  technique.  The  analysis  given  under  Sections  2.3.1 
and  2.3.2  are  taken  as  basis  for  the  finite  element  approach.  Various 
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load-time  functions  for  different  aircrafts  have  been  evaluated  so  as  to  suite 
specific  aircraft  crash  analysis,  particularly  on  containment  vessels.  A  list  of 
containment  vessels  adopted  for  various  nuclear  power  stations  is  given  in  a 
tabulated  form  in  Tables  2.24  and  2.25.  They  can  be  treated  as  test  examples 
on  the  lines  given  in  a  sample  design  example  on  the  TVA  containment  vessel. 
The  design  pressures  are  given  in  Tables  2.24  and  2.25  with  changed  dimen- 
sions, loads  and  material  properties;  new  calculations  can  be  made  for  the 
existing  vessels  and  for  containments  of  future  BWR  and  PWR  nuclear 
stations.  The  dynamic  analysis  given  in  chapter  3  can  also  be  used  when 
these  containments  are  accurately  analysed  under  environmental  and  other 
anticipated  loads  such  as  aircraft  and  missile  crashes,  fire  and  explosion, 
earthquakes  and  other  hazards. 


2.3.4  Additional  Data  on  Containment  Parameters 

2.3.4.1  General  Introduction 

Tables  2.24  and  2.25  show  containments  with  internal  pressures.  Some  of  them 
are  chosen  in  this  section  as  test  examples  for  readers  who  wish  to  test  the  work 
in  this  text. 

(a)  Doel4:  Status  P.W.R  1041  MW  in  Belgium-FRAMATONE 

Double  walled-double  dome  resting  on  piles 

i?  =  21 .90  m  inside  cylinder 

Space  between  walls  =  3.34  m 

Total  height  =  55  m 

Spherical  domical  space  =  3.34  m 

Wall  and  dome  thickness  =  0.8-1.3  m 

(b)  Tricastin:  Status  P.W.R  900  MW  in  France-FRAMATONE 

i?=  18.5  m  inside  cyhnder 

Wall  thickness  =  0.9  m;  12  m  buttresses 

Total  height  =  59.5  m  thick  above  ground  level 

Base  slab  =  5  m,  base  slab  =  55.2  m  with  keys,  1.5  m  keys  depth  variable 

(c)  Civaux:  Status  P.W.R  1400  MW  in  France-FAMATONE 

Double  wall  type 

Double  dome  type 

Total  height  of  walls  =  545  m 

Spaces  =  3.34  m  along  the  walls 

Base  slab  =  50.90  m 

(d)  SizewellB:  Status  P.W.R  1258  MW  in  UK.  WESTING 

HOUSE 

Dimensions  given  as  an  example  in  the  text 
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Design 

Country 

Name 

Type 

Containment  type 

pressure 

Argentina 

Embalse 

PHWR 

Steel  and  RC 

Armenia 

Medzamor  2 

WER 

Reinforced  concrete 
(RC) 

0.200 

Belgium 

Doel3 

PWR 

Double  PC/RC 

0.450 

Belgium 

Tihange  2 

PWR 

Double  PC/RC 

0.450 

Belgium 

Tihange  3 

PWR 

Double  PC/RC 

Brazil 

Angra  1 

PWR 

Steel  and  RC 

Bulgaria 

Kozloduy  5 

WER 

Prestressed  concrete 
(PC) 

Canada 

Bruce  Al 

PHWR 

Reinforced  concrete 
(RC) 

Canada 

Bruce  B5 

PHWR 

Reinforced  concrete 
(RC) 

0.291 

Canada 

Darlington 

PHWR 

Prestressed  concrete 
(PC) 

0.197 

Canada 

Gentilly  2 

PHWR 

Prestressed  concrete 
(PC) 

0.217 

Canada 

Pickering  B  5 

PHWR 

Reinforced  concrete 
(RC) 

0.141 

Canada 

Point  Lepreau  1 

PHWR 

Prestressed  concrete 
(PC) 

0.104 

China 

Daya  Bay 

PWR 

Prestressed  concrete 
(PC) 

0.520 

China 

Lingao 

PWR 

Prestressed  concrete 
(PC) 

0.520 

China 

Qinshan  1 

PWR 

Prestressed  concrete 
(PC) 

0.360 

China 

Qinshan  3 

PHWR 

Prestressed  concrete 
(PC) 

0.224 

China 

Qinshan  II- 1 

PWR 

Prestressed  concrete 
(PC) 

0.450 

China 

Tianwan 

WER 

Double  PC/RC 

0.500 

Czech.  Rep 

Dukovany 

WER 

Czech.  Rep 

Temelin 

WER 

Prestressed  concrete 
(PC) 

0.490 

Finland 

Olkiluoto  (TVO)  1 

BWR 

Prestressed  concrete 
(PC) 

0.470 

France 

Belleville  1 

PWR 

Double  PC/RC 

0.520 

France 

Blayais  1 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Bugey 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Cattenom  1 

PWR 

Double  PC/RC 

0.520 

France 

Chinon  Bl 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Chooz  1 

PWR 

Double  PC/RC 

0.530 

France 

Civaux  1 

PWR 

Double  PC/RC 

0.530 
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Table  2.24   (continued) 


Design 

Country 

Name 

Type 

Containment  type 

pressure 

France 

Civaux  2 

PWR 

Double  PC/RC 

0.530 

France 

Cruas  1 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Dampierre  1 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Fessenheim 

PWR 

Prestressed  concrete 
(PC) 

0.473 

France 

Flamanville  1 

PWR 

Double  PC/RC 

0.480 

France 

Golfech  1 

PWR 

Double  PC/RC 

0.520 

France 

Granvelines  1 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Nogent  1 

PWR 

Double  PC/RC 

0.520 

France 

Paluel  1 

PWR 

Double  PC/RC 

0.480 

France 

Penly  1 

PWR 

Double  PC/RC 

0.520 

France 

St  Alban  1 

PWR 

Double  PC/RC 

0.480 

France 

St  Laurent  Bl 

PWR 

Prestressed  concrete 
(PC) 

0.500 

France 

Tricastin 

PWR 

Prestressed  concrete 
(PC) 

0.500 

Germany 

Brokdorf 

PWR 

0.750 

Germany 

Emsland 

PWR 

Steel  and  RC 

0.630 

Germany 

Grafenrheinfeld 

PWR 

Germany 

Grohnde 

PWR 

Germany 

Gundremmingen 
KRBII 

BWR 

Reinforced  concrete 
(RC) 

0.430 

Germany 

Tsar  1 

BWR 

Germany 

Tsar  2 

PWR 

Steel  and  RC 

0.630 

Germany 

Krummel 

BWR 

Germany 

Mulheim  Karlich 

PWR 

Germany 

Neckar  1 

PWR 

Steel 

0.570 

Germany 

Neckar  2 

PWR 

Steel  and  RC 

0.630 

Germany 

Philppsburg  2 

PWR 

Germany 

Unterweiser 

PWR 

Steel 

0.580 

Great 

Heysham 

AGR 

Prestressed  concrete 

Britian 

(PC) 

Great 

Sizewell  B 

PWR 

Double  PC/RC 

0.445 

Britian 

Great 

Tomess  PT  1 

AGR 

Prestressed  concrete 

Britian 

(PC) 

Hungary 

Paksl 

VVER 

India 

FBTR  Kalpakkam 

FR 

India 

Kaiga  1 

PHWR 

Double  PC/RC 

0.273 

India 

Kaiga  2 

PHWR 

Double  PC/RC 

0.273 

India 

Kakrapara  1 

PHWR 

Double  PC/RC 

0.225 

India 

Narora  1 

PHWR 

Double  PC/RC 

0.225 

India 

Rajasthan  3 

PHWR 

0.273 

2.3     Determination  of  Impulse/Impact  caused  by  Aircraft  and  Missiles:  Load  (/) 
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Table  2.24   (continued) 


Design 

Country 

Name 

Type 

Containment  type 

pressure 

India 

Tarapur  3 

PHWR 

Double  PC/RC 

0.244 

Iran 

Busher 

PWR 

Steel 

Japan 

Fukusliima  1-4 

BWR 

Steel 

0.490 

Japan 

Fukusliima  1-6 

BWR 

Steel 

0.385 

Japan 

Fukushima  II- 1 

BWR 

Steel 

0.385 

Japan 

Genkai  4 

PWR 

Prestressed  concrete 
(PC) 

0.500 

Japan 

Hamaoka  2 

BWR 

Steel 

0.492 

Japan 

Hamaoka  3 

BWR 

Steel 

0.535 

Japan 

Ikata  1 

PWR 

Steel 

0.345 

Japan 

Ikata  3 

PWR 

Steel 

0.389 

Japan 

Kashiwazaki  4 

BWR 

Steel 

0.416 

Japan 

Kashiwazaki6ABWR 

BWR 

Reinforced  concrete 
(RC) 

0.416 

Japan 

Kashiwazaki  1 

BWR 

Steel 

0.385 

Japan 

Mihama  3 

PWR 

Steel 

0.340 

Japan 

Monju 

PR 

Japan 

Ohi  1 

PWR 

Steel 

0.540 

Table  2.25 
pressures) 


Nuclear  Power  Plants-PWR,  PHWR,  RBMK,  WER  (Containments  and  design 


Country 


Name 


Type  Containment  type 


Design 
Pressure 


Japan 

Japan 

Japan 

Japan 

Japan 

Japan 

Japan 

Japan 

Lituania 

Mexico 

Pakistan 

Romania 

Russia 

Russia 

Russia 

Russia 

Russia 

Russia 

Russia 

Russia 

Russia 


Ohi  3 
Sendai  1 

Shika  1  (NOTO) 
Shimane  2 
Takahama  3 
Tokai  2 
Tomari  1 
Tsuruga  2 
Ignahna  1 
Laguna  Negra  1 
Chasma 
Cernavoda 
Balakovo  1 
Balakovo  5 
Balakovo  6 
Kalinin  1 
Kalinin  3 
Kursk 

Novovoronej  5 
Novovoronej  6 
Novovoronej? 


PWR 

PWR 

BWR 

BWR 

PWR 

BWR 

PWR 

PWR 

RBMK 

BWR 

PWR 

PHWR 

WER 

WER 

WER 

WER 

WER 

RBMK 

WER 

WER 

WER 


Prestressed  concrete  (PC)  0.500 

Steel  0.325 

Steel  0.535 

Steel  0.535 

Steel  0.360 

Steel  0.385 

Steel  0.360 

Prestressed  concrete  (PC)  0.500 


Prestressed  concrete  (PC) 

Prestressed  concrete  (PC)  0.490 

Prestressed  concrete  (PC)  0.490 

Prestressed  concrete  (PC)  0.490 

Prestressed  concrete  (PC)  0.455 

Prestressed  concrete  (PC)  0.490 

Prestressed  concrete  (PC)  0.455 

Prestressed  concrete  (PC)  0.490 

Prestressed  concrete  (PC)  0.490 
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Table  2.25   (continued) 


Design 

Country 

Name 

Type 

Containment  type 

Pressure 

Russia 

Rostov  1 

WER 

Prestressed  concrete  (PC) 

0.490 

Russia 

Smolensk  1 

RBMK 

Slovakia 

Bohunice  1 

WER 

Slovakia 

Mochovce  1 

WER 

Slovenia 

Krsko 

PWR 

Steel  and  RC 

South 

Koeberg 

PWR 

Prestressed  concrete  (PC) 

0.500 

Africa 

South 

Kori3 

PWR 

Prestressed  concrete  (PC) 

0.520 

Korea 

South 

Uljin  1 

PWR 

Prestressed  concrete  (PC) 

0.500 

Korea 

South 

Wolsong  1 

PHWR 

Prestressed  concrete  (PC) 

0.156 

Korea 

South 

Yonggwang  1 

PWR 

Prestressed  concrete  (PC) 

0.520 

Korea 

Spain 

Almaraz  1 

PWR 

Spain 

Asco  1 

PWR 

Prestressed  concrete  (PC) 

0.480 

Spain 

Asco  2 

PWR 

Spain 

Cofrentes 

BWR 

Spain 

TriUo  1 

PWR 

Spain 

Vandellos  2 

PWR 

Sweden 

Forsmark  3 

BWR 

Prestressed  concrete  (PC) 

0.600 

Sweden 

Oskarshamn  3 

BWR 

Prestressed  concrete  (PC) 

0.600 

Sweden 

Ringhals  3 

PWR 

Prestressed  concrete  (PC) 

0.514 

Switzerland 

Gosgen 

PWR 

Steel 

0.589 

Switzerland 

Leibstadt 

BWR 

Steel  and  RC 

0.203 

Taiwan 

Kuosheng  1 

BWR 

Taiwan 

Lugmen 

ABWR 

Reincorced  concrete 
(RC) 

Taiwan 

Maanshan  1 

PWR 

Ukraine 

Klimelnitsky  1 

WER 

Prestressed  concrete  (PC) 

0.490 

Ukraine 

Khmelnitsky  2 

WER 

Prestressed  concrete  (PC) 

0.490 

Ukraine 

Rovno  1 

WER 

Ukraine 

Rovno  3 

WER 

Prestressed  concrete  (PC) 

0.490 

Ukraine 

Rovno  4 

WER 

Prestressed  concrete  (PC) 

0.490 

Ukraine 

Sud  Ukraine  1 

WER 

Prestressed  concrete  (PC) 

0.490 

Ukraine 

Tchernobyl  3 

RBMK 

Ukraine 

Zaporozhe  5 

WER 

Prestressed  concrete  (PC) 

0.490 

USA 

Braidwood  1 

PWR 

Prestressed  concrete  (PC) 

0.445 

USA 

Byron  1 

PWR 

Prestressed  concrete  (PC) 

0.445 

USA 

Callaway  -1 

PWR 

Reinforced  concrete 
(RC) 

USA 

Catawba  1 

PWR 

Steel  and  RC 

0.204 

USA 

Chnton  I 

BWR 

Reinforced  concrete 
(RC) 

0.204 

USA 

Comanche  1 

PWR 

Reinforced  concrete 
(RC) 

0.445 

2.3     Determination  of  Impulse/Impact  caused  by  Aircraft  and  Missiles:  Load  (/) 
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Table  2.25   (continued) 


Design 

Country 

Name 

Type 

Containment  type 

Pressure 

USA 

Gran  Gulf  1 

BWR 

Reinforced  concrete 
(RC) 

0.203 

USA 

Hatch  2 

BWR 

USA 

Hope  Creek 

BWR 

Steel 

0.528 

USA 

La  Salle  1 

BWR 

Prestressed  concrete  (PC) 

0.410 

USA 

Millstone  3 

PWR 

Reinforced  concrete 
(RC) 

USA 

Nine  Mile  Point  2 

BWR 

Reinforced  concrete 
(RC) 

0.411 

USA 

Palo  Verde  1 

PWR 

Prestressed  Concrete 
(PC) 

0.514 

USA 

Perry  1 

BWR 

Steel 

0.204 

USA 

River  Bend  1 

BWR 

Steel 

0.204 

USA 

San  Onofre  2 

PWR 

Prestressed  concrete  (PC) 

0.514 

USA 

Seabrook  1 

PWR 

Reinforced  concrete 
(RC) 

0.459 

USA 

Shearon-Harris  1 

PWR 

Reinforced  concrete 
(RC) 

USA 

Shoreham 

BWR 

Reinforced  concrete 
(RC) 

0.389 

USA 

South  Texas 

PWR 

Prestressed  concrete  (PC) 

USA 

St.  Lucie  2 

PWR 

Steel  and  RC 

0.376 

USA 

Summer  1 

PWR 

Prestressed  concrete  (PC) 

USA 

Susquehanna  1 

BWR 

Reinforced  concrete 
(RC) 

USA 

Vogtle  1 

PWR 

Prestressed  concrete  (PC) 

0.459 

USA 

Waterford  3 

PWR 

Steel  and  RC 

USA 

Watts  Bar  1 

PWR 

Steel  and  RC 

0.193 

USA 

WNP-2  Hanford 

BWR 

Steel 

USA 

Wolf  Creek 

PWR 

Prestressed  concrete  (PC) 

(e)  GenKai  4:  P.W.R  1 180  MW  in  Japan-MITSUBISHI 

i?  =  22.150m 

Total  height  of  walls  =  single-type  43  m  wall  thickness  =0.75-1.3  m 

Single  dome  height  =  22.6  m 

Dome  thickness  =  1  m 

Dome  radius  =  22.650 

Base  slab  inclusive  gallents  =  44.30  m 

Thickness  varies  from  10.2  m  to  15.8  m 

(f)  Kaiga-r.  P.H.W.R  220  MW  in  India  (Double  Wall  Type) 

R=  radius  inside  =  21.28  m 
Total  height  of  the  wall  =  48.235  m 
Inner  space  of  walls  =  2.0  m 
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Inner  space  of  dome  =  2.0  m 
Radius  to  centroid  =  33.57  m  inner 
Radius  of  tlie  dome  splierical  =  39.60  outer 
Base  slab  (without  keys)  thickness  =  3.5  m 
Base  slab  (with  keys)  thickness  =  5.5  m 
Base  slab  total  dimension  =  49.0  m 
Key  base  =  8.5  m 

Note:  LOCA  ranges  in  all  from  0.3  to  0.35  MPa.  Exceptional  causes  LOCA  = 
0.47-0.60  MPa  related  to  BWR  types. 
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Chapter  3 

Dynamic  Finite  Element  Analysis 


3.1  Introduction 

A  great  deal  of  work  has  been  published  on  finite  element  techniques. 

This  chapter  presents  the  linear  and  non-hnear  dynamic  finite  element 
analysis  intended  to  be  used  for  nuclear  facilities.  Plasticity  and  cracking  models 
are  included.  Solid  isoparametric  elements,  panel  and  line  elements  are  included 
which  represent  various  materials.  Solution  procedures  are  recommended. 
Programs  ISOPAR,  F-BANG  and  other  computer  packages  are  recommend 
for  the  dynamic  non-linear  analysis  of  structures  for  nuclear  facilities  with  and 
without  cracking. 


3.1.1  Finite  Element  Equations 

A  3D  finite  element  analysis  is  developed  in  which  a  provision  has  been  made 
for  time-dependent  plasticity  and  rupturing  in  steel  and  cracking  in  materials 
such  as  concrete.  The  influence  of  studs,  tugs  and  connectors  is  included. 
Concrete  steel  liners  and  studs  are  represented  by  solid  isoparametric  elements, 
shell  elements  and  line  elements  with  or  without  bond  hnkages.  To  begin  with,  a 
displacement  finite  element  is  adopted. 

The  displacement  field  within  each  element  is  defined  in  Fig.  3.1  as 

w  =  [yv]{xr  =  ^(A^,[/]  w,)  (3.1) 

The  strains  and  stresses  can  then  be  expressed  as 

6{.rr^^([B,.]{.v},)^[Z)]{cT}  (3.2) 

In  order  to  maintain  equilibrium  with  the  element,  a  system  of  external  nodal 
forces  {F}*^  is  applied  which  will  reduce  the  virtual  work  {dW)  to  zero.  In  the 
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Fig.  3.1  (a)  Isoparametric  elements:  (i)  parent  element,  3D  isoparametric  derived  element; 
(ii)  solid  element  (20-noded);  (iii)  32-noded  solid  element,  (b)  Line  elements  within  the  body  of 
the  solid  isoparametric  elements  (ISS  -  isoperametric  solid  element) 


3.1     Introduction 


135 


^X 

global  co-ordinates 


/" 

1 -pp 

Ul 

/^ 

19  18  17 


line  elements 


:  constant 


30      29 28     27 


constant 


(b) 

Fig.  3.1  (continued) 


136  3     Dynamic  Finite  Element  Analysis 

general  equilibrium  equation,  both  Eqs.  (3.1)  and  (3.2)  are  included.  The  final 
equation  becomes 

{{dsyfify  =  {{dsyf  f  [^iVmf  (3.3) 

Jvol 

In  terms  of  the  local  coordinate  {  {^,  7],^}  }  system,  Eq.  (3.3)  is  written  as 
{FT^  f  [B]^[D]{e}d^,dT],dCdet[J\{xr  (3.4) 

J  vol 

The  force-displacement  relationship  for  each  element  is  given  by 

{FY  =  [K\^{ur + {F,r + {F,r + {f,}i + {/-a:        o.s) 

where  the  element  stiffness  matrix  is 

[K,]^  I  [BY[D][B]dV  (3.5a) 

Jvol 

The  nodal  force  due  to  the  body  force  is 

{Fy,Y  =  -  /  [N\'{G}dV  (3.5b) 

The  nodal  force  due  to  the  surface  force  is 

{F,Y  =  -  j[N\^{p]ds  (3.5c) 

The  nodal  force  due  to  the  initial  stress  is 

{p„]1^  I  [BY{ao]dV  (3.5d) 

The  nodal  force  due  to  the  initial  strain  is 

{p,]l  =  -  I  [BY[D]{^,]dV  (3.5e) 

^vol 

Equations  (3.4)  and  (3.5)  represent  the  relationships  of  the  nodal  loads  to  the 
stiffness  and  displacement  of  the  structure.  These  equations  now  require  mod- 
ification to  include  the  influence  of  the  Hner  and  its  studs.  The  material  com- 
phance  matrices  [D]  are  given  in  Tables  3.1  and  3.2.  The  numerical  values  are 
given  for  various  materials  or  their  combinations  in  Tables  3.3,  3.4,  3.5  and  3.6. 
These  values  of  the  constitutive  matrices  are  recommended  in  the  absence  of 
specific  information. 
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Table  3.3   Material  properties  of  concrete,  bovine,  steel  and  composites 


(1)  Concrete 

(Ti_(72 

v'l  =  V23  =  0.2  for  any  value  of  0-3  up  to  500  bar 

(T,<(72 

Vi3>l'23 

<Tl=0 

vi3  =  0.2  to  0.4  for  any  value  of  0-2 
=  0.4  for  up  to  (73  =  500  bar 

for  80°C  temperature, 

,  the  above  values  are  increased  by  35-50% 

^.(KN/mm^) 

24                            30                          35 

40 

V 

0.15-0.18                0.17-0.20              0.20-0.25 

0.25-0.30 

Alternatively 

V  =   0.2  +  0.6((72/  ffcu/  +  0.4(f7,/  <T,,f 

Where  iTi.o-2  and  0-3  are  the  pressures/stresses  along  the  three  principal  axes  and  CTcu  is  the 
ultimate  compressive  strees  of  concrete 

(2)  Bovine  material 

E,  =  11-18  GPa:  &  =  1 1-19  GPa;  £3  =  17-20  GPa 

G12  =  3.6-7.22  GPa;  G13  =  3.28-8.65  GPa;G23  =  8.285-8.58  GPa 

Vi2  =  0.285-0.58:  Vi3  =  0.119-0.31;  V23  =  0.142-0.31 

V2i  =  0.305-0.58:  V31  =0.315-0.46;  V32  =  0.283-0.46 

(3)  Steel 

£■  =  200  GN/nr;  v  =  0.3-0.33 

(4)  Composite 

Hot-pressed  silicone  nitride  (HPSN)  versus  tungsten  carbide 
£•=320  GPa  £=320  GPa 

v  =  0.26  F=0.24 

Carbon  fibre  (reinforced  epoxy  with  60%  fibres  by  volume) 

Longitudinal  Transverse 

Tensile  strength  (du,)  1750  MPa  60  MPa 

Compressive  strength  1300  MPa  — 

Tensile  modulus  (£,)  138  GPa  9.1  GPa 

Compressive  modulus  (£'c)  138  GPa  9.1  GPa 

Failure  strain  in  tension  (£,„)"/o  1.34  0.8 

Failure  strain  in  compression  (£cu)%         0-85  2.9 


Table  3.4   Material  properties  of  additional  composites 


Steel  indenter       Versus 
£  =  200GN/m- 
v  =  0.3-0.33 


vei; 

i 


(1)  Plexiglass 
£=3.435  GN/m^ 
v  =  0.394 

(2)  Laminate:  thornel  300/5208  with  fibres  oriented  (0,  +  60,-60) 
£,  =  50  GN/m^;  £2=11.6  GN/m" 

Gi  1  =  19  GN/m^;  G,2  =  4.0  GN/m" 
V|  1=0.31  v,2  =  0.06 
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Table  3.4   (continued) 


(3)  Aluminium  and  FRPs 


E(GN/m-) 

V 

Aluminium 
70 

BFRP" 

78.7 

GFRP" 

7.0 

CFP 

70 

0.3 

0.32 

0.30 

0.30 

CFRPL'^ 


0.28 


"Quasi-isotropic 
''Random  mat 
'^Unidirectional 

(4)  Graphite  I  epoxy 

(Web-stiffened  foam  sandwich  panels  with  orthotropic  facing  and  a  number 

of  four  equally  embedded  stiffeners  in  a  polyurethane  (PU)  core) 

£■,  =  120.7  GN/m^;  Ei  =  7.93  GN/ni 

Gi2  =  G23  =  Gi3  =  5.52"  GN/m^ 

v,2  =  0.30 

Polyurethane  foam 

£•  =  0.0431  GN/m-;  G2  =  0.017  GN/m";  v  =  0.267 

(5)  Boron/epoxy  composites 

£,  =219.8  GN/m^;  £2  =  21.4  GN/m-;  v  =  0.208 
^pi  =2.41  GN/m^;  £^2  =  0.04  GN/m^; 
Gp  =  0.008  GN/m^;  Pat  plastic  level 
<7y,=  l.l  GN/m^ 

(6)  Layers  of  woven  roving  and  chopped  strand  mat 
£•,  =  1 4. 5  GN/m-;  Cyt  =  2 1 5  N/mm';  v  =  0.2 1 

(7)  Other  materials 


Type 


(GN/m^)      (GN/m^) 


G 

(GN/m-) 

1'12 

3 

0.32 

4 

0.15 

4 

0.17 

4 

0.3 

3 

0.34 

4 

0.31 

CSM/polyester 
WR/polyester 
Glass  fibre/polyester 
UD  glass/polyester 
UD  Kevlar/epoxide 
UD  carbon/epoxide 
GY70/epoxy(celion  with 
graphite  fibre) 
MODMORE  Il/epoxy 
HMS/E  (with  graphite 

fibres) 
T300/E  (thornel  300/ 
epoxy  with  graphite 
fibres) 

GL/E  (glass/epoxy) 
Carbon  fibre  (60% 
volume) 
Reinforced  epoxy 

compound: 


15 
25 
40 
76 
148 

102 


76.8 


54.86 
30.3 


15 

25 
10 
8 
10 

7.0 


9.6 


12 
149.9 


4.14 


5.83 


5.83 
5.84 


0.318 


0.305 


0.30 
0.32 
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Table  3.4   (continued) 


Longitudinal 


Transverse 


Ex  (GN/m-) 
£c(GN/m') 
f7,„  (GN/m') 
cTeu  (GN/m') 

V 


140.0 

140.0 

1.8 

1.3 

0.3 


9.00 
9.00 
0.06 

0.27 
0.02 


Table  3.5   Material  properties  for  brick  and  stone  masonry  and  soil/rock 


( 1 )  Brick  masonry 

Brick  Strength      /b  =  20-70  N/mm' 
/b>70  N/mm' 

£'=300/b-2000 
£'=100/b+12,75C 

1 

Brick  Strength 

(MN/m') 

Mortar 

Mortar  mean 
cube  Strength 

(MN/m') 

Wall  thickness 
(m') 

Wall  Strength 

(MN/m') 

92 

1:1:3 

19.30 

102.5 

18.40 

46 
46 

1:1:3 
1:1:6 

13.70 
5.94 

102.5 
102.5 

15.65 
10.48 

(3)  Soil/rock 

Ex  lO'MN/m' 

V 

Density,  p 

Fine  sand 

57.456 

0.35 

Silty  clay 
Silty  sand 

48.84 
47.88 

0.40 
0.35 

Plastic  clay 

3.56 

0.40 

Silt  stone 

8.4 

0.30 

2622 

Limestone 

114.0 

0.25 

2671 

Alluvial  clay 

5.0 

0.20 

Clay  (embankment  fill) 
Saturated  soil 

20.0 
200.0 

0.20 
0.30 

1517 

Jointed  rock 

150.0 

0.25 

Sandstone 

255.0 

0.11 

For  high  plasticity,  the  frictional  angle  0[.  =  18' 
For  low  plasticity,  the  frictional  angle  0[.  =  25° 
For  rocks,  o^'ranges  between  20°  and  30° 
The  adhesion  coefficient  c  is  around  1  kN/m' 
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Table  3.6   Material  properties  of  timber 


Basic  stresses  and  moduli 

Bonding 
Strengtii  group          (N/mm^) 

Parallel  to  grain 

Tension 

(N/mm-) 

Compress 

(N/mm-) 

Parallel 

ion  to  grain 
Perpendicular 

-'^min 

(N/mm^) 

5i 

37.5 

22.5 

24.4 

7.5 

13.800 

52 

30.0 

18.0 

20.0 

6.0 

11,900 

S3 

24.0 

14.4 

17.9 

4.8 

10,400 

S4 

18.7 

11.2 

15.5 

3.7 

9200 

Ss 

15.0 

9.0 

13.3 

3.0 

7800 

Dry-grade  stresses  and  moduli 

Grade/species 

Bonding 
(N/mm^) 
Parallel  to  grain 

Tension 

(N/mm-) 

Compression  to  grain 

(N/mm^) 

Parallel      Perpendicular 

-^min 

(N/mm^) 

SS/Douglas  fir 
GS/Douglas  fir 
SS/Redwood 
Whitewood 
GS/Corsican 

pine 
GS/European 

pine 


6.2 
4.4 

7.5 

5.3 


3.7 
2.6 
4.5 

3.2 

2.5 


6.6 

5.6  2. 

7.9  2. 


2.4 


6.8 

5.2 


1.8 
1.4 


Grade/glued 
laminated 


Bonding 
(N/mm^) 
Parallel  to  grain 


7000 
6000 
7000 

5000 

4500 


Plywood:  all  stresses  and  moduli  are  multiplied  by  the  following  factors: 


Tension  Compression  to  grain  iTmin 

(N/mm^)  (N/mm-)  (N/mm") 

Parallel      Perpendicular 


LA/4 

1.85 

1.85 

LB/ 10 

1.43 

1.43 

LB/20  or  more 

1.48 

1.48 

LC/10 

0.98 

0.98 

LC/20  or  more 

1.11 
Permissible 

stresses 
8  N/mm" 

1.11 

12  mm  ply 

5  N/mm- 

1.15 
1.04 

0.92 


1.33 
1.33 

1.33 


thickness 


1.0 
0.9 

0.8 


8700 
7400 


If  the  stiffness  matrix  [K^]  for  typical  elements  is  known  from  Eqs.  (3.4)  and 
(3.5)  as 


[Kc] 


vol 


[Bf[D][B]dyol 


(3.6) 


the  composite  stiffness  matrix  [Kiqt],  which  includes  the  influence  of  hner  and 
stud  or  any  other  material(s)  in  association,  can  be  written  as 
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[^tot]  =  [^c]  +  [^i]  +  [K,] 


(3.7) 


where  [Ki  ]  and  [Ks]  are  the  liner  and  stud  or  connector  matrices.  If  the  initial  and 
total  load  vectors  on  the  hner/stud  assembly  and  others  are  [Fi]  and  [Rt], 
respectively,  then  Eq.  (3.4)  is  rewritten  as 


{FY  +  {Ft}  -  {Rt}  =  [^tot]{x}* 


(3.8) 


The  displacement  {x}*  is  different  from  (x}  in  Eq.  (3.4),  since  it  now  includes 
values  for  both  unknown  displacements  and  restrained  linear  boundaries. 
Hence  {x}*  is  defined  in  matrix  form  as 


{<y. 


Xhy 
(.    Xbz    ) 


>   = 


-^Lin 


(3.9) 


where  Xu„  and  Xb  are  displacement  values  in  unrestrained  or  unknown  condi- 
tions and  restrained  conditions.  Similarly,  the  values  for  {Ft}  and  {Rt}  can  also 
be  written  as 


{Ft} 


{Rt}  = 


Ry, 


.\',V,Z 


(3.10) 


The  quantities  for  the  hner  corresponding  to  unknown  displacements  can  be 
written  as 

[Ji^/]{^un},,,,,_-  =  {fun},,,,,  (3.11) 

The  shear  force  t  acting  on  studs  or  any  other  type  is  evaluated  as 

{r}^m{x,,}^^,^  (3.12) 

Table  3.7  gives  the  [K^  matrix  modified  to  include  the  stiffness  of  the  liner. 
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3.2  Steps  for  Dynamic  Non-linear  Analysis 

The  solutions  of  Eqs.  (3.6),  (3.7),  (3.8),  (3.9),  (3.10),  (3.11)  and  (3.12)  require  a 
special  treatment  such  as  under  any  increment  of  dynamic  loading,  stresses, 
strains  and  plasticity  are  obtained  in  steel,  concrete  and  composites  such  as  the 
liner  and  its  anchorages  and  other  similar  materials.  An  additional  effort  is 
needed  to  evaluate  the  rupture  of  the  steel  or  other  material  when  cracks 
develop,  especially  in  concrete  beneath  the  Hner  or  its  anchorages. 

The  dynamic  coupled  equations  are  needed  to  solve  the  impact/explosion 
problems  and  to  assess  the  response  history  of  the  structure,  using  the  time 
increment  8t.  If  [M]  is  the  mass  and  [C]  and  [K\  are  the  damping  and  stiffness 
matrices,  the  equation  of  motion  may  be  written  in  incremental  form  as 

[M]{x{t)]  +  [Ci„]{x(/)}  +  [K,A{m]  -  im)  +  {Ht)]         (3.13) 

where  F\{t)  is  the  time-dependent  load  including  impact/explosion  load.  If  the 
load  increment  of  Fi(t)  is  5P„{t),  where  «  is  the  «th  load  increment,  then 

P„{t)  =  P„^i{t)  +  P„it)  (3.13a) 

and  hence  {R{t)}  —  {5P„{t)},  which  is  the  residual  time-dependent  load  vector. 
The  solution  of  Eq.  (3.13)  in  terms  of  t+  5t  for  a  (5nncrement  becomes 

[M]{x{t  +  St)}  +  [Qn]{x{t  +  5t)}  +  [K,n]{5R{r  +  5t)}  +  {5P{r  +  5t)}        (3.14) 

where  'in'  denotes  initial  effects  by  iteration  using  the  stress  approach; 
5P{r  +  St)  represents  the  non-linearity  during  the  time  increment  St  and  is 
determined  by 

{a}  =  [DM -{,.,}  + {ao}  (3.15) 

The  constitutive  law  is  used  with  the  initial  stress  and  constant  stiffness 
approaches  throughout  the  non-Hnear  and  the  dynamic  iteration.  For  the 
iteration 

{x{t  +  St)}.^[K,,]-'{RToAt+St)}.  (3.16) 

The  strains  are  determined  using 

{eit  +  St)}.=  [B]{xit  +  St)}.  (3.17) 

where  [B]  is  the  strain  displacement.  The  stresses  are  computed  as 

{a{t  +  St)},  =  [D]{f.{t  +  St)},  +  {a,{t  +  St)},_,  (3.18) 
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where  {(j{t  +  5t)}  is  the  total  initial  stress  at  the  end  of  each  iteration.  All 
calculations  for  stresses  and  strains  are  performed  at  the  Gauss  points  of  aU 
elements. 

The  initial  stress  vector  is  given  by 

{aoit  +  dt)}^^Mt+5t)},_,-[D]{sit+5t)},  (3.19) 

Using  the  principle  of  virtual  work,  the  change  of  equilibrium  and  nodal 
loads  {5P{t  +  3t)}j  is  calculated  as 

Fi{t  +  St)  =  {5P{t  +  <50},TOT  (3-20) 


where  dC,dt]  and  dC  are  the  local  coordinates  and  T"  is  the  transpose.  The 
integration  is  performed  numerically  at  the  Gauss  points.  The  effect  load  vector 
Fi(t)  is  given  by 

F,{t  +  St)  =  {5P{t+5t)}^joT 
=  -[5C{t)m]i{xit+5t)},-{xit)}) 

-  [3C{t+5t)U{.x{t+5t)},  -  [3K{t)J){{x{t+5t)},  -  {x{t)},) 

-[8K{t+5tUx{t+5l)}, 

The  Von  Mises  criterion  is  used  with  the  transitional  factor /-jf]^  to  form  the 
basis  of  the  plastic  state,  such  as  shown  in  Fig.  3.2: 

The  elasto-plastic  stress  increment  will  be 

{5a,}  =  [Dl^cj{t +  5t). _^il  -./tV){^£}  (3.23) 

If  {(T{t+  5t)}  <  (Ty{t),  it  is  an  elastic  limit  and  the  process  is  repeated.  The 
equivalent  stress  is  calculated  from  the  current  stress  state  where  stresses  are 
drifted;  they  are  corrected  from  the  equivalent  stress-strain  curve. 

The  values  of  [_D]ep  and  [D]p  are  derived  using  plastic  stress/strain  increments. 

In  the  elasto-plastic  stage,  the  time-dependent  yield  function  is  f{t).  It  is 
assumed  that  the  strain  or  stress  increment  is  normal  to  the  plastic  potential 
Q{a,K).  The  plastic  increment,  for  example,  is  given  by 
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Fig.  3.2  Transitional  factor  and  plastic  point 


do 

dEa{t  +  8t)p  ^^^  Xb 


(3.24) 


where  1  =  proportionality  constant  >0 


dQ 


da{t+5t) 


When/(0  =  Q 
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df 
"      da{t  +  5t) 

Therefore, 

df=  [dflda{t  +  8t)]     da{t  +  6t)  +  {df/dK)dK  (3.25) 

If  A  is  the  hardening  plastic  parameter,  then 

A  =  \+{df/dK)dK 

A 

An  expression  can  easily  be  derived  for  the  proportionahty  constant  1 


cF"  D6e.{t  +  5t) 
[A  +  a'^"Db] 


^=    r.  ,   :V„^./  (3.26) 


hence 

6E{t  +  8t)p  =  bX 
The  value  of  the  elasto-plastic  matrix  [D]^^  is  given  by 


The  value  of  the  plastic  matrix  [D]^  is  given  by 

where  [Z)]  is  the  comphance  matrix  for  the  elastic  case.  The  elasto-plastic  stress 
increment  is  given  by 

{<5'^/}l  =  [^]ep{Mr(l  -  ^TR*){^   €}^  (3.29) 

For  the  sake  of  brevity,  {(5(t,}j  ~  6a  (/  +  6t)  for  the  rth  point  or  increment 
and  other  symbols  are  as  given  above.  The  total  value  becomes 

{'5ff/}TOT  =  {^i}'*  +  {'5  e},  (3.30) 

If  {ai]^  <  ffyt  it  is  an  elastic  point  and  {cr,}j  =  Wi}f  The  process  is  repeated. 
Looking  at  the  plastic  point  in  the  previous  iteration,  it  is  necessary  to  check  for 
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unloading  when  a  >  ct,  ;  the  unloading  will  bring  about  the  total  stress 
{(5(7,_|},  +  {^o'j]j,  and  set  {cr,}i  =  {^f^/-i},-  Then  loading  at  this  point  gives 

{-5M  =  [^]epK-l}t{^   €},  (3.31) 

The  total  stress  is  then  written  as 

{<5o-,}TOT  =  {o'/-i}t{'5o'<}  (3.32) 

Stresses  are  calculated  using  the  elasto-plastic  material  matrix,  which  does 
not  drift  from  the  yield  surfaces,  as  shown  in  Fig.  3.2.  Stresses  are  corrected 
from  the  equivalent  stress-strain  curve  by 

{'Tcon={ff/-i}i  +  i^{<5  epji  (3.33) 

where  {8  ep}^  =  J^{y/{d^j5£^j\j  =  equivalent  plastic  strain  increment.  AT  is 
the  strain-hardening  parameter  such  that  {6  Gp},  =  1.  The  equivalent  stress  is 
calculated  from  the  current  stress  state  as  shown  below: 

{'^/leq  =f{{<yi)},  (3.34) 


.a. 


the  value  of is  a  factor  (3.35) 

(7 

Therefore  the  correct  stress  state  on  the  yield  surface  is  given  by 

{(T;  =  factor  X  {cr,}  (3.36) 

A  reference  is  made  to  Fig.  3.2  for  evaluating  this  factor  as/jj^. 

3.2.1  Buckling  State  and  Slip  of  Layers  for  Composite  Sections 

Within  the  above  stages,  there  can  be  a  possibihty  of  plastic  buckhng  of  the  liner 
or  any  embedded  anchors  or  layers.  The  buckhng  matrix  is  developed  so  that  at 
appropriate  stages  the  layer/liner/anchor  system  is  checked  against  buckling. 
The  plastic  buckhng  matrix  is  given  below  as 

{K  +  X,K^)Fj  =  0  (3.37) 

where  K'  is  the  elasto-plastic  stiffness  matrix  as  a  function  of  the  current  state  of 
plastic  deformation  using  the  above  steps  and  ^g  is  the  geometric  stifness 
matrix: 

Ac  =  1  +  £^ps  (3.37a) 
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Table  3.8   T"  transfc 

)rmation  matrics 

i\ 

m] 

n\ 

l\m\ 

/77i;7i 

11 

1 

"2 

hm2 

m2n2 

l\ 

mj 

"3 

hrrii 

m^nz 

2hk 

Iniimi 

2ni«2 

{l\m2  +  hfni) 

(n7i«2  +m2«i) 

2/2/3 

Imitn-i 

2;72«3 

(/2AJI3  +  hmi) 

(«72«3  +  «2m3) 

2/1/3 

2m  inn 

2/7 1«3 

(/|/?i3  +m|/3) 

(«7i/73  +»!3"l) 

'] 

mi 

"\ 

2/1  mi 

2min\ 

/? 

ml 

n\ 

2/2m2 

2OT2/72 

ll 

ml 

nl 

2/3/773 

Imin-i 

hh 

m\m2 

«1«2 

{hm2  +  l2mi) 

(mi«2  +  "i'"2) 

hh 

mjmj 

«2«3 

{hmj  +  hm2) 

(m2«3  +  772/773) 

hh 

m\m^ 

«1«3 

{hm^  +  /3W71) 

(/77l7;3+/773//l) 

[n] 


[r"l  = 


/2«2 

(/1//2  +  /2«l) 
(/2//3  +  /3"2) 
(/1/73  +771/3) 


2/i/7i        1 

2/2/72 

2/3/73 

(/l"2  +  /2«l) 

(/2773  +  /3«2) 

(/1/73  +  7/1/3)  _ 

where  E^^  represents  accuracy  parameters. 

Where  composite  layers,  liner  and  studs  are  involved,  the  incremental  sUps 
from  the  nodal  displacements  are  assessed  in  the  following  manner: 


{A5,},,,,__  =  [r]{d6,) 


(3.38) 


where  Sj  is  a  slip  at  node  /  and  T"  is  the  transformation  matrix  given  in  Table 
3.8.  The  total  slip  at  iteration  is  given  without  subscripts  as 


{5,}  =  {5,_i}  +  {5,} 
The  strains  are  computed  as 


(3.39) 


(3.40) 


Thes  incremental  stress  {  0-3  }  between  the  studs  and  concrete  or  between  any 
composite  materials  for  the  /th  node  can  then  be  computed  as 


{<5(7Bi}t  =  [Ks\{(JBi-\]^{^Si)^ 


The  total  stresses  are 


{<5ffB/}TOT  H{'7B/-l}t+]{^'^B,}t 


(3.41) 


(3.42) 


If  |(55,|  >  5max  the  bond  between  the  stud  and  the  concrete  or  any  composite 
material  is  broken  and  the  pull-out  occurs,  i.e.  {  CTb}  =  0  and  ^^ax  has  a  value 
which  is  maximum.  If  \8Si\  <  5max  the  value  {Sj}  is  calculated.  The  procedure  is 
hnked  with  the  general  finite  element  work  discussed  already  in  the  non-linear 
dynamic  cases  for  impact  and  explosion. 
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3.2.2  Strain  Rate  Effects  Based  on  the  Elastic-  Viscoplastic 
Relationship  for  Earth  Materials  Under  Impact  and 
Explosion 

It  is  assumed  that  for  each  dynamic  loading  increment,  the  strain  rate  £,y  can  be 
expressed  as  the  sum  of  the  elastic  and  viscoplastic  components: 

{dEij},  =  {dEij}^  +  {dkij}^^  (3.43) 

Where  the  subscripts  e  and  vp  denote  the  elastic  and  viscoplastic  components, 
respectively.  The  elastic  strains  are  related  to  the  stress  rate  0^  by 

where /i=  deviatoric  stress:  first  invariant;  5,-/  =  {ffy  i  J\6ij\^■,6fj=  Knonecker 
delta;  K=  elastic  bulk  modulus;  G  =  elastic  shear  modulus. 

The  shear  modulus  is  expressed  in  terms  of  the  invariant  J2,  where 


Jj^^^SySij  (3.44a) 


Then 


K=--^[\-Kie''^-'']  (3.44b) 

1  —  A| 


Gf        r,  ^    .-G2J', 


1-Gi 


[1  -  Gie-^^-'::]  (3.44c) 


where  Ki,  Ki,  Gi,  Gi,  K2  and  G2  are  material  constants.  The  values  of /2  and  5's 
are  given  below: 

J2  =  j  i^l  +  Sy  +  -S"?)  +  Tv,,  +  T^.__  +  T?^.  is  the  sccond  variant  (3.44d) 


Sx  =  ff.v  -  o-,»,  Sy  =  (jy  -  fT„,,  5-  =  (Tz-(ym  (3.44e) 

The  hnear  values  of  K  and  G  are 

^=,,/^  V     G=      /  (3.44f) 

3(1  —  2v)  2(1  -  2v) 

Tables  3.1  and  3.2  are  used  for  variable  properties  of  ii  and  v. 
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The  components  of  the  viscoplastic  strain  rate  are  calculated  using  the 
above-mentioned  plastic  flow  rule  for  rate-sensitive  material: 


{%}vp  =  )'[/(ffD/^)ffD/<5ffy]t 

where  y  =  viscosity  parameter: 


f{a^/B\=f\^a,      ^ 
static  yield  stress;  B  =  material  parameter: 


(3.45) 


P=f- 


1 

'    Hd^KK^  +  C^ 

^       /vp 

y 

_{daJdJ,f\{{da,dAf)_ 

{e- 

)vp  = 

-deijdeij 

1 
vp 

(3.45a) 
(3.45b) 


and  is  the  square  root  of  the  second  invariant  of  the  viscoplasic  strain  rate. 

Using  this  bulk  modulus  approach  for  soils,  the  time-dependent  stress-strain 
relation  is  given  in  Table  3.9.  With  reference  to  rocks,  the  failure  strength  of  the 
rock  is  defined  in  exactly  the  same  way  as  described  earher;  the  values  for  E  and 
V  will  vary.  Nevertheless,  the  various  alternative  failure  models  given  in  Table 
3.10  for  rocks  are  related  in  terms  of  strain  rates  by 


M  =  — —  =  1  +  f  log  — 


(3.46) 


where  a^y^  =  dynamic  stress;  0-5  static  stress;  £  strain  rate  (dynamic);  £s  =  strain 
rate  (static);  c  =  constant. 


Table  3.9   Bulk  modulus  model  for  earth 
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or  in  short  {Sa}  =  [Z)]{<5£} 

Where  [D]  is  the  required  material  matrix 

Gn  =  G23  =  Gi3  =  G  =  Ge  -  a  log^  for  7,  >-/| 

2 

G  =  G,  for  /2  <  Jl 

In  the  case  where  the  soil/rock  is  orthotropic,  the  values  of  Gi2,G23  and  G13  are  given  as 
indicated  in  Table  3.2 
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Table  3.10   Numerical  models  for  rocks 

(1)  Sandstone 

T=  1538  +  (7tan0     (1) 

where  z  and  a  =  shear  and  compressive  stresses,  respectively 

0  =  29°15' 

(2)  Rupture  of  sandstone:  Molir  failure  envelope 

Tmax/f7c„  =  0.1  +  0.76(ff„,/a„)°'*'     (2) 

where  0-^,  is  the  uniaxial  compressive  stress  at  rupture  under  pure  shear  a\  =  —0-3 

(3)  Realistic  rock  including  friction 

a  =  ((7i  +  0-2  +  0-3)  +  (di  -  (Ji)    +  ("■2  -  "■3)"  +  (cs  -  fi )"  =  K*    (3) 

where  a  =  v'6tan0/y'(9  +  12tan0) 

K'  =  v^/V9+  12  tan  0 

0  =  angle  of  friction 

c=  cohesion 

A  generalised  Mohr  coulomb  criterion  is  written  as 

x-  =  [V^r+\-\\[<yl-aGi^]      (4) 

Where  a,  t=  normal  stress  and  shear  stress  on  the  fractured  plane 

(Ttu  =  uniaxial  tensile  strength 

"  =  '^cmI''=  brittleness 

(7cu  =  uniaxial  compressive  strength 

Equation  (4)  can  be  expressed  in  terms  of  ti^  mean  stress  and  a^  the  maximum  shear  stress  by 

fs  =  0-|u  -  (Tni  for  (Tiu  >  cTmo  >  Cm 

(Ts  =  To  y  [(1  -  ffm/fflu)  -  (To/2ct,u)^]  for  (7mo  <  f^m     (5) 

where  (7n,((7i  +  o-2)/2,     a,  =  (ff,  -  0-2) /2, 

Tmo  =  gtu  —  Tq/q-iu     (6) 

To  =  [\/n+\  -  l]o-u. 

The  stress  state  is  assessed  for  f7,„  and  a^  from  the  failure  surface  as 

=  '''s/o-s(criticaI)  >   1 

representing  the  failure  condition.  If  a  =  o-s/fs(criiicai).  Eq.  (5)  is  satisfied 


The  range  of  strain  rate  is  £  =  10  ^  S   '.  The  dynamic  failure  criterion  can 
then  be  written  as 


a^  —  XqXt,  +  a 


■alX  -  4T2xf 


4CTcu^1TX3 


for  0-^:0 


ff?  =  tIx]  +  a  [^°^'      '''"^'^  -a^forafQ  (3.47) 


where 


0'tu^2 


^1     -^m  +  Jjm' 


To  =  octahedral  shear  stress  under  static  loads 


1 54  3     Dynamic  Finite  Element  Analysis 

In  the  case  of  brick  material,  Khoo  and  Hendry  relationships  given  below  are 
used  in  the  above  failure  models  and  strain  rate  simulations.  The  non-linear 
principal  stress  relationship  (biaxial)  is  given  by 

ai/<Teu=l+2.91((T2K)°''°'  (3.48) 

where  Ci  =  major  principal  stress;  oj  =  minor  principal  stress;  a^^  =  uniaxial 
compressive  strength. 

The  brick-failure  envelope  with  the  mortar  triaxial  strength  curve  is  given  by 
the  polynomials 

ffi/ffu,  =  09968  -  2.0264(ff/ffcu)  +  \.21U{a/a^,;f  -  0.2487((7/ffcu)^     (3-49) 


ff3Ku  -  -0.1620(ffi/f7cu)  +  0.1126(ffi/f7eu)'  "  0.0018((7/f7eu)'  (3.50) 

where  a/oca  =  ratio  of  compressive  strength;  Oi/a^^i=  ratio  of  tensile  strength; 
(Ti  —  affT,  where  a  =  0.15  and  0.40  for  mortars  of  1:1/4:3  and  1:1:6,  respectively. 


3.2.3  Finite  Element  of  Concrete  Modelling 

A  number  of  modelling  methods  are  available  for  simulation  into  the  finite 
element  method.  On  impact  and  explosion  work,  methods  such  as  the  edochro- 
nic,  Ottoson  and  Blunt  crack  have  been  widely  used.  They  are  covered  in  this 
section.  The  bulk  modulus  model  of  Table  3.9  is  reviewed  to  include  cracking 
with  and  without  aggregate  interlocking.  On  the  basis  of  the  endochronic 
concept,  which  is  widely  reported  the  following  equations  apply: 

{^T,,,,_-},  +  {5al^.J,  =  m]{si^J,  (3.51) 

where  the  superscript  p  denotes  stresses  in  the  plastic  case.  Table  3.11  gives 
details  of  uncracked  and  cracked  cases  for  Eq.  (3.51).  When  cracks  in  three 
directions  are  open  the  concrete  loses  its  stiffness,  then 

[D*j]  =  0  (3.52) 

Stresses  {{cr,}J^  are  checked  against  the  cracking  criteria.  For  example,  if 
there  is  one  crack  normal  to  the  X-direction,  the  concrete  can  no  longer  resist 
any  tensile  stress  in  that  direction,  then 

5(j*  =  0 
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Table  3.11   Cracks  using  endochronic  theory 


Uncracked  matrix 
<5(T.,.  +  5aP 
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The  values  of  £  and  v  are  given  in  Tables  6.3,  6.4,  6.5  and  6.6 
Cracked  matrix 


0 
0 

0 

) 

0 

^) 

0 
0 

0 
0 

0 
0 

f7i -direction  [!)]*= 

0 

K-^ 

-) 

K-^ 

^ 

0 

0 

0 

0 

0 

0 

P'D44 

0 

0 

0 

0 

0 

0 

D,, 

0 

Lo 

0 

0 

0 

0 

P'Dee 

[  (^"-is) 

0 

K-^ 

=) 

0 

0 

0 

f72 -direction  [!)]*= 

(- 

0 

31      -A;-j 

0 
0 

0 

(^33  -§ 

) 

0 
0 

0 
0 

0 
0 

0 

0 

0 

P'Du 

0 

0 

0 

0 

0 

0 

P'Ds 

s       0 

L 

0 

0 

0 

0 

0 

Dee 

\  {""-&) 

(- 

.2-^) 

0 

0 

0 

0 

0-3 -direction  [Z)]*= 

(- 

0 

(- 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 

0 

Du 

0 

0 

0 

0 

0 

0 

P'Dss 

0 

1 56  3     Dynamic  Finite  Element  Analysis 

then 

K-^-— K-— K  (3.53) 

In  a  similar  manner,  examples  for  shear  terms  can  be  written  as 

<5t;_- +  ,5tP_!  =  7)55<5y;_-  (3.54) 

3.2.3.1  Blunt  Crack  Band  Propagation 

The  smeared  crack  concept,  rather  than  the  isolated  sharp  inter-element  crack 
concept  described  above,  is  gaining  ground.  Here  the  element  topology  does 
change.  The  smeared  crack  band  of  a  blunt  front  is  that  in  which  one  can  easily 
select  cracks  in  any  direction  without  paying  a  penalty,  even  if  the  crack 
direction  is  not  truly  known.  Bazant  et  al.  and  Bangash  introduced  the  equiva- 
lent strength  and  energy  variation  which  are  utilised  for  crack  propagation  once 
it  is  initiated  within  the  element.  The  equivalent  strength  criterion  is  used  for 
crack  propagation  by  specifying  an  equivalent  stress  within  the  surrounding 
elements  of  an  existing  crack  at  which  cracking  should  be  propagated.  The 
expression  for  the  equivalent  strength  o-gq  is  given  (see  Fig.  3.3)  as 

ffeq  =  C[EGflW{\  -  2  Ff7«/(T°)]'/2  (3.55) 

where  C  =  a  constant  dependent  on  the  choice  of  elements;  E  =  elastic 
modulus;  V  =  Poisson's  ratio;  W=AI6oi.  =  Alr  cosa;  A  =  area  of  the  element 
at  the  front. 

The  band  length  is  specified  as  a  +  Aa/2 

In  the  initial  state  prior  to  cracking,  the  strain  energy  Uq  is  based  on  the 
principal  stresses  a\,  where  a\  is  the  largest  tensile  stress.  After  crackng,  of 
becomes  0  and  a,  =  0.  Which  is  used  for  the  current  value  of  Ui.  The  change  of 
strain  energy  hU  —  Uq  —  Uxi?,  equated  to  the  crack  length  Aa  x  Gf ,  where  U is 
the  total  strain  energy  in  a  cracked  body  and  ^U  is  the  energy  released  by  the 
structrure  into  the  element  which  cracks.  The  crack  direction  within  an  arbi- 
trary grid  is  given  by 

0A=^(0„-i+a,  +  0,,+i)  (3.56) 
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average  cracking 
direction 


definition  of  symbols  used 
in  cracl<  propagation 


8a  =  3(6„_i  +  9„  +  9„  +  i)  direction  of  cracl< 

n 

9e  =  2  (6(3 -94)cracl<ing  error 


aggregate        mortar 


cracl< 
plane 


5„<(1/2)-(d+d') 


crack  morphology 


r  =  centroidal  distance  from  ttie  last  cracked  elements  in  the  front  element 

a  =  angle  measured  from  the  established  crack  to  the  line  between  the 

centroids 
G,  =  energy  release  rate  =  6£(F;a)/8a  =  AE(P,a)/8a 
a  =  cracked  area 
p.  =  loads 

Fig.  3.3  Blunt  crack  propagation 


where  0a  is  the  average  crack  direction,  6„_i  and  0„  are  the  cracking  angles  of 
the  next  to  last  cracked  element  and  0„_i  is  the  impending  cracking  angle  of  the 
element  adjacent  to  the  crack  front.  Since  in  the  arbitrary  grid  the  cracking 
direction  is  specified  by  the  accumulated  error  of  the  cracked  direction,  the 
accumulated  cracking  error  0^  is  given  by 


£(0G/  -  0A,) 


(3.57) 
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where  n  is  the  number  of  cracked  elements  and  0^  is  the  actual  average  crack 
propagation  angle  within  each  element.  A  better  formulation  by  Gamborov  and 
Karakoc,  reported  by  Bangash,  is  given  of  the  tangent  shear  modulus  G*^^ 
whenever  cracking  is  initiated: 


or 


where 

and  03,^4  =  coefficients  as  a  function  of  the  standard  cylindrical  strength  /c'; 
To  =  crack  shear  strength  (ranging  from  0.25  to  0.7  /'J;  Z)a  =  maximum 
aggregate  size  (up  to  4  mm);  P^  =  large  percentage  of  crack  asperities; 
y  =  6x1  ba\  ^t,  "^n  crack  displacements  along  the  normal  and  tangential  directions 
(Figs.  3.3  and  3.4). 

Curves  have  been  plotted  showing  a  decrease  in  the  value  of  G'^^  when  a 
crack  opening  linearly  increases  at  increasing  shear.  A  constitutive  law  in  which 
a  confinement  stress  within  the  rough  crack  model  is  given  by 


-aia2,_/,  "'  (3.60) 


where  a'^^^=  interface  normal  stress;  0^^=  interface  shear  stress;  ax,  02  = 
constant  {a\,  02  =  0.62);  q  =  a.  function  of  the  crack  opening;  taken  to  be  0.25. 
For  different  types  of  crack  dilatancy  (5n/ffnt  (^'8-  3-3)  the  tangent  shear 
modulus  G'^^  is  plotted  against  the  ratio  r  of  the  crack  displacement.  The  value 
of  a'^^  is  given  by 


>-^(lr/™ 


aj  +  a^  \r  p  „,cr  /  cr 


'■^YJ^,     -I'./C         (3.61) 


where  p  is  the  crack  spacing  and  CR  is  cracked  concrete 
e^^  =  <5ii/-P  =  strain  against  cr^jj 
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rough  crack  model 
Daschner 


DC       E 

<3  ^ 


6x10^  ■ 
4- 
2 
0 


0.0       0.5       1.0       1.5 

Y=§,/8„ 

S_  =  0.5mm 


0.0       0.5        1.0        1.5        2.0 
5,  (mm) 


0.0       0.5       1.0       1.5       2.0 

Y=8,/8n 


Fig.  3.4  Crack  displacement  versus  tangent  shear  modulus 


The  crj^jj^  values  have  been  comptjted  using  points  common  to  the  curves  of 
crack  opening  and  constant  confinement  stress. 


3.2.3.2  Ottoson  Failure  Model 

The  Ottoson  four-parameter  model  has  a  smooth  but  convex  surface  with 
curved  meridians  determined  by  the  constants  a  and  b. 
The  analytical  failure  surface  is  defined  by 


f{IuJ2,J)  =  a 


Jn 


a/2 


if'f      il      Jl 


1  =0 


(3.62) 
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where 

h  =  <^x  +  Oy  +  a-  =  the  first  invariant  of  the  stress  deviator  tensor       (3.62a) 


/2  =  the  second  invariant  of  stress  deviator  tensor 

/  =  cos30=  1.5V3(/3//2)  (3.62c) 


/3  =  the  third  invariant  of  the  stress  deviator  tensor 
=  S:,SyS:  +  2t„,Tv_-t-v  -  S^x-^,^  -  Syx\^  -  S:x\. 


-xy 


(3.62d) 


5,  =  cr,, -/i/3  (3.62e) 

5_-  =  cr_--/i/3 

X  =  i(cos  30)  >0,  a  and  b  are  constant 

l^  Kii-co?,-\K2CO&W)\     for  (cos  30)    <0 

l  =  ^icos(|--cos"'(i(:2cos30)]     for(cos30)  <  0 

ki,  kja  and  b  are  material  parameters  (0  <  ^^2  <  1) 

f^  =  uniaxial  compressive  cylinder  strength  for  concrete  =  0.&7(Tcu 

Of  =  uniaxial  tensile  strength  for  concrete 

Table  3.12  lists  some  of  the  relevant  parameters. 

The  knowledge  of  the  mechanical  properties  of  concrete  and  the  reinforce- 
ment (conventional  and  prestressing  steel)  at  high  strain  rates  is  essential  for 
rational  application  of  materials  in  those  constructions  where  impact  and 
explosion  loadings  can  be  expected.  The  usual  magnitude  of  the  strain  rate 
(dB/dt)  —  e  for  all  concrete  structures  is  of  the  order  of  5  x  10^/s  in  the  range  of 
the  ultimate  load. 

For  reinforcement,  the  range  is  between  10^  and  10  ^/s.  Table  3.13  gives 
relevant  data.  Figure  3.5  gives  experimental  stress-strain  relationships  for 
reinforcement  for  various  strain  rates.  The  theoretical  expression  in  Eq.  (3.46) 
was  used. 
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Table  3.12   Ottoson's  failure  model  for  concrete 


{Ol,  CTg,  O3) 

B 
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p,  =  tensile  meridian 

p(,  =  compressive  meridian 


-18  -16  -14  -12  -10    -8     -6-4-2      0 
Comparison  for  the  four-parameter  model 


Four-material  Paranieters(k  =  fft/f  c) 


K 

a 

h 

k, 

k2 

0.08 
0.10 
0.12 

1.8076 
1.2759 
0.9218 

4.0962 
3.1962 
2.5969 

14.4863 
11.7365 
9.9110 

0.9914 
0.9801 
0.9647 

Values  of  the  function(k 

=  fft/ffc) 

K 

^t 

;., 

;.,;., 

0.08 

0.1 

0.12 

14.4925 
11.7109 
9.8720 

7.7834 
6.5315 
5.6979 

07378 
0.5577 
0.5772 
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Table  3.12   (continued) 


failure  criterion 


Pifi 


compressive  meridian 


tensiie  meridian 


S^  (uni-axiai  compressive  strength) 
tlfl 


S3  (uni-axiai  tensiie  strength)) 
Sj  (bi-axiai  compressive  strength) 


Determination  of  material  parameters  (S\,  Sj,  S^,  54  =  failm'e  stresses) 
The  following  three  failure  states  were  represented: 

(1)  Uniaxial  compressive  strength,/c'(9  =  60°), Uniaxial  tensile  strength,  Oi  (9  =  0°)  =  Kfc' 

(2)  Biaxial  compressive  strength,  (Ti  =  (T2  =  —  1.16(7ei;  "'3  =  0  (0  =  0°) 

(3)  The  triaxial  state  (f//c',  plfc)  =  (—5,  4)  on  the  compressive  meridian  (9  =  60°) 


Table  3.13   Strain  rate  for  concrete  and  reinforcement 


The  relationship  between  the  fracture  strain  E(  and  the  strain  rate  £  is  given  by 

£t  =  d('/3  (1) 

for  plain  concrete  a  =  206;  for  reinforced  concrete  a  =  220. 
Another  expression  given  by  DELFT  for  plain  concrete  is 

£,  =  100+ lOeg'/^  (2) 

In  Eq.  (1),  for  say  k/s  =  35,  the  value  of  £f  for  reinforced  concrete  will  be  740x  10"^. 
For  k/s  =  30,  the  value  of  £/  for  plain  concrete  will  be  650x  lO"*". 
For  fibre-reinforced  concrete,  the  influence  of  the  strain  rate  upon  the  tensile  strength 
for  concrete  is  given  by 

(7i  =  a  +  /?  loge  £  (3) 

a  =  0  for  no  fibres,  i.e.  plain  concrete 
<7  =  1.7  +  0.0364  loge  £  for  3%  fibres 
(7  =  1.87  +  0.0424  loge  £ 
For  low,  intermediate  and  high  strain  rates,  DELEFT  gives  an  expression: 

a,  =  a  +  pN  (4) 

where  N  is  the  number  of  fibres/reinforcements 


Low 


Intermediate 


High 


3.32 
1.85x10" 


4.87 
2.85x10" 


5.49 
6.3x10"' 
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Table  3.13   (continued) 


For  the  fracture  energy,  G,  as  stated  in  the  endochronic  theory  will  be  modified  as 


follow: 


Gt  =  a  +  pAf 

Low 

Intermediate 

High 

P 

12.72 
0.12 

22.90 
0.18 

29.200 
0.211 

10  15 

Strain,  e  (%) 

Fig.  3.5  Stress-strain  relationships  for  various  strain  rates 


3.3  Ice/Snow  Impact 

Chapter  2  gives  a  thorough  survey  on  data  regarding  the  effect  of  ice  floes. 
When  floating  ice  sheets  move  under  the  influence  of  strong  winds  and  currents, 
a  seagoing  vehicle  or  a  semi-submersible  will  be  subject  to  an  impact  given  by 


F,{t)^FUt)  +  F[{t) 


(3.63) 


where  F\o{t)  and  F[{t)  F[{t)  are  constants  and  fluctuating  values  of  the  ice 
impact  force,  respectively.  The  value  of  F((r)  is  given  by 


Fio{t)  =  SxS2Sif{E)TW ^  ha,  {or  f^) 


(3.64) 


where  S\  =  contact  factor  around  the  member  during  crushing;  S2  =  shape 
factor  S(  of  the  impactor;  53  =  temperature  factor  which  is 
(l-0.012r)/(l-0.012rs)  {T-.  0.5°C>  -20°C)  {T,  =  -10°C;  f7c  compres- 
sive strength  of  ice  measured  at  a  strain  rate  of  5  x  lO'^/s  which  is  Eq; 
W  =  transverse  width  of  the  member;  /;  =  ice  sheet  thickness 
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/(£o)  -  (e/£o)7;         </.  =  «i+«2(/V'r)'/'  (3.64a) 

E  =  .\'/4  IV  where.i  =  ice  flow  velocity;  y  =  empirical  coefficient  dependent  on 
strain  rate;  01,02  =  factors  dependent  on  the  ice  thickness/diameter  ratio  of  a 
member. 

Depending  on  the  type  of  impact  (direct  or  angular)  and  the  stiffnesses  of 
members  and  ice  floes,  the  global  equation  of  motion,  (3.13),  will  be  influenced 
by  roll,  pitch  and  yaw  motions  {6s,  ^s,  *h)  and  surge,  sway  and  heave  motions 
(0r,  ^p,  'I'y),  respectively.  Generally,  the  values  of  9^,  $p,  ^y^s)  "^s  and  v]>|^  range 
as  shown  below: 

0,  =  -0.012  to  0.04x  IQ-^  rad;  6^  =  -0.75  to  6  m 
$p  =  -0.012  to  0.04x  10"^  rad;  *s  =  -1-5  to  3  m 
*y  =  -0.012  to  0.04  rad;  *„  «  ^s 


3.4  Impact  Due  to  Missiles,  Impactors  and  Explosions: 
Contact  Problem  Solutions 

Contact  problems  have  been  solved  using  Hallquis-contact  method.  Many 
similar  methods  are  using  the  spring  concept  (given  in  Appendix  A).  In  addi- 
tion, at  the  time  of  impact  constraints  are  imposed  on  global  equations  such  as 
Eqs.  (3.13),  (3.14),  (3.15),  (3.16),  (3.17),  (3.18),  (3.19),  (3.20),  and  (3.21).  Hall- 
quist  et  al.  developed  a  useful  concept  of  masterand  slave  nodes  sliding  on  each 
other.  As  shown  in  Fig.  3.6,  slave  nodes  are  constrained  to  slide  on  master 
segments  after  impact  occurs  and  must  remain  on  a  master  segment  until  a 
tensile  interface  force  develops.  The  zone  in  which  a  slave  segment  exists  is 
called  a  slave  zone.  A  separation  between  the  slave  and  the  master  line  is  known 
as  void.  The  following  basic  principles  apply  at  the  interface: 

(1)  Update  the  location  of  each  slave  node  by  finding  its  closest  master  node  or 
the  one  on  which  it  lies. 

(2)  For  each  master  segment,  fmd  out  the  first  slave  zone  that  overlaps. 

(3)  Show  the  existence  of  the  tensile  interface  force. 

Constraints  are  imposed  on  global  equations  by  a  transformation  of  the 
nodal  displacement  components  of  the  slave  nodes  along  the  contact  interface. 
Such  a  transformation  of  the  displacement  components  of  the  slave  nodes  will 
eliminate  their  normal  degrees  of  freedom  and  distribute  their  normal  force 
components  to  the  nearby  master  nodes.  This  is  done  using  explicit  time 
integration,  as  described  later  under  solution  procedures.  Thereafter  impact 
and  release  conditions  are  imposed.  The  slave  and  master  nodes  are  shown  in 
Fig.  3.6.  Haliquist  et  aX.^'^^  gave  a  useful  demonstration  of  the  identification  of 
the  contact  point,  which  is  the  point  on  the  master  segment  to  the  slave  node  n^ 
and  which  finally  becomes  non-trivial.  As  shown  in  Fig.  3.6,  when  the  master 
segment  t  is  given  the  parametric  representation  and  i  is  the  position  vector 
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Fig.  3.6  Hallquist  contact  method  (modified  by  Bangash) 

drawn  to  the  slave  node  n^,  the  contact  point  coordinate  must  satisfy  the 
following  equations: 


dr 

dr 


(3.65) 


where  (Co'/c)  ^^e  the  coordinates  on  the  master  surface  segment  Si.  When 
penetration  through  the  master  segment  Si  occurs  the  slave  node  n^  (containing 
its  contact  point)  can  be  identified  using  the  interforce  vector /s  added,  then 


fs^-IKiHi    if/<0 
to  the  degrees  of  freedom  corresponding  to  n^  and 

,/;;  =  7v,(^c,'7c),/s   if/<o 


where 


A  unit  normal 


/=«,■.[/- r(^c,f/c)]<0 


'%■  =  «,(?c,'?c);      ii  =  fii^Nj{Fi)'{t) 

7=1 


Ki^^UKiA^  i/Vi 


(3.66) 

(3.67) 

(3.67a) 

(3.67b) 
(3.67c) 
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where  (i^i)'(?)  =  impact  at  the/th  node;  ki  =  stiffness  factor  for  mass  segment 
Sf,  Kj,  V,;  Aj  =  bulk  modulus,  volume  and  face  area,  respectively;  F^j  =  scale 
factor  normally  defaulted  to  0.10;  A^,  =  1/4(1  +  £,  (^,)(1  +  r]  f/J  for  a  4-node 
linear  surface. 

Bangash  extended  this  useful  analysis  for  others  such  as  8-noded  and  12- 
noded  elements.  On  the  basis  of  this  theory  and  owing  to  the  non-availability  of 
the  original  computer  source,  a  new  sub-program  CONTACT  was  written  in 
association  with  the  program  ISOPAR.  CONTACT  is  in  three  dimensions;  the 
values  of  A^,  for  8-  and  12-noded  elements  are  given  in  Table  3.14. 


3.5  High  Explosions 

The  pressure  P  is  generally  defined  as  a  function  of  relative  volume  and  internal 
energy.  Assuming  Fi{t)  is  the  final  surface  load,  the  pressure  P  must  replace 
Fi{t)  in  relevant  equations  by  taking  into  consideration  the  surface  volume  on 
which  it  acts.  All  equations  defining  relevant  detonation  pressures  P  must  first 
be  evaluated.  They  are  then  first  applied  as  stated,  in  Eqs.  (3.13),  (3.14),  (3.15), 
(3.16),  (3.17),  (3.18),  (3.19),  (3.20),  and  (3.21). 

The  cause  of  explosions  can  be  nuclear  (air  burst  or  underground).  The 
pressures,  which  are  time  dependent,  can  then  act  as  surface  loads  on  the 
body  of  the  element  concerned  or  at  nodal  points  of  the  element  as  concentrated 
loads  derived  on  the  basis  of  shape  functions.  It  is  essential  to  choose  a  proper 
time-aspect  ratio  as  it  will  affect  the  type  of  solution  procedure  adopted.  The 
interaction  between  the  loads  and  the  structure  can  be  considered  and  the 
method  shown  in  Section  3.5  must  be  included. 


3.6  Spectrum  Analysis 

Spectrum  analysis  is  an  extension  of  the  mode  frequency  analysis,  with  both 
base  and  force  excitation  options.  The  response  spectrum  table  is  generally  used 
and  includes  displacements,  velocities  and  accelerations.  The  force  excitation  is, 
in  general,  used  for  explosions  and  missile  aircraft  impact.  The  masses  are 
assumed  to  be  close  to  the  reaction  points  on  the  finite  element  mesh  rather 
than  the  master  degrees  of  freedom.  The  base  and  forced  excitations  are  given 
below.  For  the  base  excitation  for  wave 


For  the  impact  excitation 


yi^{^ifR[M]{b]  (3.68) 


y,  =  {'A,}rM{^i(0}  (3.69) 
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where  {iA/Ir  =  the  slave  degree-of- freedom  vector  mode;  M  =  mass;  {b}  =  unit 
vector  of  the  excitation  direction;  {Fx  {t)]  =  an  input  force  vector  due  to  impact 
and  explosion. 

The  values  of  {i/',}r  ~  are  normalised  and  the  reduced  displacement  is 
calculated  from  the  eigenvector  by  using  a  mode  coefficient  {M} 

{.T,}  -  [M,]{^l,}.  (3.70) 

where  {.x},-  =  reduced  displacement  vector  and  [M,]  =  mode  coefficient  and 
where 

(a)  for  velocity  spectra 

[M-]  =  [x„-]{7/}/ffl/  (3.71) 

where  is/  =  spectral  velocity  for  the  /th  mode; 

(b)  for  force  spectra 

[M,-]  =  [Fsi]{y]loy't  (3.72) 

where  F^i  =  spectral  force  for  the  /th  mode; 

(c)  caused  by  explosion  P  or  impact  Fx{t) 

[M,]  -  [.*si]{y,-}/ffl7  (3-73) 

where  x^j  =  spectral  acceleration  for  the  rth  mode; 
(d) 

[M,.]  -  [.T,]{)'}/ffl2  (3.74) 

{x/}  may  be  expanded  to  compute  all  the  displacements,  as  in 

{x.:.}.=  [K.,,,]-'[K,,,]{x,}R  (3.75) 

where  {x',},.  =  slave  degree  of  freedom  vector  of  mode  /;  [A^,/,,']  [.STv,,]  =  sub- 
matrix  parts;  y,  y'  =  retained  and  removed  degrees  of  freedom. 
The  impact/explosion  load  is  then  equal  to 


i-lr 


1-1 


or 


[Kyy]  -  [K,,-,,][K-,,,.]-'[K,>y]    {X,}  =    {F,,}  -  [K-,,,,][K,,-,„]-^{F,,} 


[m]  =  {Fiit)}  (3.76) 
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where 

m  =  [K,,]-[K,y,][Ky,,]-'[K,.,]  (3.77) 

{F,{t)}  =  {Fy}-[K,,,][Kyy]-^{Fy}  (3.78) 

{x}  =  {x,}  (3.79) 

and  [K\  and  {Fi{t)}  are  generally  known  as  the  substructure  stiffness  matrix  and 
the  impact  load  vector,  respectively. 


3.7  Solution  Procedures 

Three  types  of  solution  procedures  are  available  for  impact  and  explosion 
analysis,  namely  time-domain,  frequency-domain  and  modal  analysis. 


3.7.1  Time-Domain  Analysis 

The  following  steps  are  adopted  using  a  direct  implicit  integration  procedure 

3.7.1.1  Initialisation 

(1)  The  effective  stiffness  matrix  is 

[K]  =  i^)m  +  C-)[Co]  +  [K,]  (3.80) 

(2)  Triangularise  [A"*] 

For  each  time  step,  calculate  the  displacement  {x,+j} 
•    Constant  part  of  the  effective  load  vector 

6  \.    .       /6- 


{R:  +  z}  =  {R,}  +  Oi{R,^s,}-{R,})  +  {F,}  +  mx(-){x,}+{-){x,} 

(3.81) 
2{x,}  +  [cJ{-){x,}  +  2{x,}  +  C-){x,} 


•  Initialisation,  /=  0,  {(5_F/_^,^J  =  0 

•  Iteration 

(a)  i^  i+l 

(b)  Effective  load  vector  {R;+,^J  =  {i?;+J  +  {SFr^,+A 

(c)  Displacement  {x\^^}[Kl]{xi^^}  =  ^;1+,tot 
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(d)  Velocity  {x;+J  +  (^)({x';+J)  -  {xj  -  [<5A:',^,+J  -  2{x,]  +  (i{xj) 

(e)  Change  of  initial  load  vector  caused  by  non-linear  behaviour  of  the  material  = 


(3.82) 


In  fact,  {(5i^/_^,^.^}is  calculated  using  the  initial-stress  method, 
(f)  Iteration  convergence 

\\{^PU,+.}  -  {^Fi-J,^MIWL,+.}<^o\  =  0.01  (3.83) 

or,  analogously,  on  stresses. 

Calculation  of  Velocity  and  Acceleration 

Calculate  the  new  acceleration  {xt+st],  velocity  {a-,+^J,  displacement  {x,+st\ 
and  initial  load  {F)+^,} 

{■^'+'a  -  (  0^)(U-m}  -  W)  -  (^){.xj  +  (l  -  Q))  (3.84) 

{x,}{x,+^,}  =  {x,]  +  (  ^  )  {.tJ  +  {.T,+^,}  (3.85) 

{x,+6,}  -  {a-J  +  (  P  {.tJ  +  (^^^  (2{x,}  +  {x,+„))  (3.86) 

{i^,+^J  -  {FJ  +  {8Fl^,+,}  (3.87) 

Calculation  by  Quadratic  Integration 

When  the  velocity  varies  hnearly  and  the  acceleration  is  constant  across  the  time 
interval,  appropriate  substitutions  are  made  into  Eq.  (3.13),  giving 

\f\[M]  +fl[C,]  +  [K[]]{X,}  -  {F,{t)]  +  [M](/3.T,_i)  -./4(X,_2)  +./5(x,-3)  ^^  ^^^ 

(3.88) 

+  [C](/6{.1V|}  -fl{x,^2]  +.h{x,-,]) 

where /i,/2  are  functions  of  time.  This  results  in  an  implicit  time  integration 
procedure.  The  only  unknown  is  {x,}  at  each  time  point  and  this  is  calculated  in 
the  same  way  as  in  static  analysis.  Equation  (3.88)  is  then  written  as 
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where 


8tQ  =  to  —  t\  and  ?o  =  l^ime  of  current  iteration 
(5Zi  =  t\  —  ti  and  ?i  time  of  previous  iteration 
8t2  =  t2  —  t^  and  ?2  time  before  previous  iteration 
5t2  =  Sto  —  5ti  and  to  —  ti  and  ?3  =  time  before  ?2 


Calculation  by  Cubic  Integration 

Equation  (3.88)  becomes  cubic  and  hence  is  written  as 

(/i[M]+/2[C,]  +  [i^,]{x,}) 

=  {F,{t)]  +  [M](/3{x,_i}  -/4{X,_2}  +/5{x,-3})        (3.90) 
+  [C](/6{x,_i}  ~fl{x,^2}  +/8{aV.J) 

where/i  to/g  are  functions  of  the  time  increments;  these  functions  are  derived  by 
inverting  a  4  x  4  matrix. 

For  clear-cut  sohitions,  the  size  of  the  time  step  between  adjacent  iterations 
should  not  be  more  than  a  factor  of  10  in  non-hnear  cases  and  should  not  be 
reduced  by  more  than  a  factor  of  2  where  plasticity  exists. 

3.7.2  Frequency-Domain  Analysis 

The  original  equation  of  motion  is  reproduced  as 

[M]{x}  +  [C]{x]  +  [K]{x]  =  {J,]{F]  (3.91) 

where  {/p}  is  a  vector  with  all  components  zero  except  the  last  one,  which  is  1. 
The  terms  [K\  and  [C]  shall  be  frequency  dependent.  The  value  of  {F}  = 
[.STnIIa's}  can  be  taken  for  solutions  of  rigid  rock  problems.  If  the  excitation  with 
frequency  u'  assumes  the  form  e""'  then 

X  =  icoxs']      Xs  =  —oj^Xs';  {x}  =  z'ffljx} 

and  {x}  ^  -or{x}  (3.92) 
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Equation  (3.91)  can  thus  be  written  as 

m  +  im[C]  -  co-[M]){x}  =  {J^jKnX,  (3.93) 

For  a  given  value  of  w,  a  set  of  algebraic  equations  is  solved  using  any 
numerical  scheme.  The  displacement  of  a  mass  can  be  written  as 

{x}  -  {[K]  +  ico[C]  -  co^[M])'{JF}KnX,  (3.94) 

From  displacements,  accelerations,  velocities,  strains  and  stresses  can  be 
computed.  The  amphfication  function  (AF)  for  each  frequency  Xi/x^  may  be 
derived.  Repeated  solutions  of  Eq.  (3.92)  are  necessary  for  a  proper  definition 
of  this  function.  If  the  fast  Fourier  transform  is  used  then  AF  must  be  tabulated 
at  each  frequency  interval. 


3.7.3  Runge-Kutta  Method 

It  is  an  accurate  method  of  time  integration  and  is  explicit  in  nature.  Table  3.15 
summarises  this  method.  This  method  of  higher  order  is  a  robust  algorithm  used 
to  solve  non-linear  equations  but  may  have  problems  which  have  discontinuous 
coefficients  which  take  place  spatially.  Some  coefficients  change  discontinu- 
ously  as  the  load  increases.  Strain  locahsation  will  be  difficult  to  produce  in 
numerical  simulations.  Non-Hnear  equations  have  bifurcation.  The  non-hnear 
equation  of  stochastic  elasto-plasticity  is  more  suitable  for  finding  the  most 
unstable  solution  compared  with  the  non-hnear  equation  of  deterministic 
elasto-plasty  since  the  coefficients  change  continuously. 

Table  3.15  The  Runge-Kutta  method 

.t"+'  =  x"  +  f  (/■(''  +  2/P)  +  2/-(3)  +fW)  (3.95)  (a) 

where/'"  =/(.t"),  /<-'  =/(a-")  +  */''' 
/■(3)  =  /-(y-)  +  |/(2) 

/W=/(.Y")  +  '5r/(3) 
Some  computations  are  needed  to  calculate  /"*''  to/''*' 

/=  kx  (3.95)  (b) 


3.7.4  Keierleber  Method 

The  author  developed  implicit  with  0-operators  covering  hnear,  quadratic  and 
cubic  with  0-operators  developed  by  Keierleber  C.W.  University  of  Nebraska 
(2003).  The  author  found  the  Keierleber  C.W.  approach  of  these  solution 
procedures  extremely  flexible  and  easily  adaptable  with  both  programs 
ISOPAR  and  F.  BANG-2. 
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(a)  Linear  Implicit  Method 


where 
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(3.97) 
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^  =  oj^Ar^O  +  l^mAt 


P  = --, ^ 

60  +  6^0)9- At  +  co^O^At^ 

(b)  Quadratic  Implicit  with  0  Method  Operators 


Xi+l 
Xi+l 
Xi+l 


=  [A]{x<}+{L}{r,0) 


where 


ri+e 


Fh 


AL}  =  { 


{  p  1 
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(3.99) 


(3.100) 
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[A] 


1 


0 


0  0 


^(8  +  57/;)       fl{-l  +  5pP)     i^(12  +  5#)     j4(-ffl2A/2/;) 


(3.101) 


/^  = 


24 


12(0  +  0-)  +  4^coAt{36-  +  20^)  +  co^  Af-{2e^  +  0'^) 


2\,2ff,n2 


P  = 


-12(1  -  0")  -  8CfflA?(30  -  0")  -  oj^At-{60'  -  0^) 
12 

12(0  -  02)  -  4(^fflA?(30'  -  20^)  -  o?Afi{60^  -  6^) 


24 


(3.102) 


2  a  <2/: 


(/)  =  -2i^coA/  -  ffl-^A; 


(c^  Cubic  Implicit  with  0  Method  Operators 


'  «/+l  " 

di 

a,' 

di+i 

<    'di+x 

U[A] 

«;+2 

dj+i 

di 

[  ai+i  J 

.  ^''+1  . 

^  +  {L}inO) 


(3.103) 


where 


''i+e 


Fh 


m 


{L} 


0 


180 


/^J 


(3.104) 


Note:  Keierleher  Method 

Keierleber  C.  W.  developed  a  method  of  implicit  method  with  0  opeators.  The 
author  developed  hnear  implicit,  quadratic  implicit  and  cubic  implicit  all  with  0 
operators.  They  are  based  on  time  integration  approach.  Plate  3.1  gives  a 
summary  of  them. 
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3.7.5  Additional  Solution  Procedure 

The  following  additional  solution  procedures  are  recommended.  They  are 
included  in  the  programs  ISOPAR  and  F.  BANG-2. 


3.7.6  Newton-Raphson  Method 

This  concept  benefits  from  the  Taylor  expression.  Similar  to  the  direct  method 
given  in  Plate  3.1  and  tabulated  below,  the  Newton-Raphson  as  stated  earlier 
can  be  viewed  at  for  comparison:  A  reference  is  made  to  Plate  3.2.  Additional 
solution  procedures 


Direct  integration  method  (Plate  3.1) 


Newton-Raphson  method  (Fig.  3.7) 


^(u)=  Ku  +  F=0      (3.105) 

where  K  =  K{u) 

III  =  — [-^o]     ./where 

K^  =  K{u„)      (3.106) 
For  nth  iteration,  one  can  write 


[K"- 


-n-i 


(3.107) 


The  process  is  terminated 
when  the  error  e  =  u"  —  «""'  becomes 
sufficiently  small  usually  expressed  in 
terms  of  NORM 


*(j()  =  Ku  +  F=0 

=  *Kl  +  [fl{A""}  =  0      (3.108) 
with  {!;"+'}  =  {u"}  +  {All"}      (3.109) 

In  the  above  the  derivative  represents  the 
tangential  matrix 

The  improved  value  u"  ^ '  can  be  obtained  as 
{A«"}  =  -[fe"]-;*" 

=  -[K"\:^]{F'  +  F}  where  T'  represents 
transpose      (3.110) 


US        "l    "2  "3 

-.-I  auq  W-A  W-  -u 

Au.|  AU2 


Plate  3.1  Direct  method 
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AUq  AUi 

Fig.  3.7  Newton-Raphion  method 


3.7.7  Modified  Newton-Raphson  Method 

Since  there  is  a  difficulty  of  having  to  solve  a  completely  new  sytem  of  equations 
at  each  iteration  an  approximation  can  be  introduced  [(Fig.  3.8;  Plate  3.2)].  This 
can  be  done  to 


M"r  =  [^]r- 


(3.111) 


F=Ku 


Fig.  3.8  Modified 
Newton-raphion  method 


Au-i  Al/2 
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Plate  3.2  Large  deflection 
of  a  column 


\ 


\ 


\ 


W 


\ 


JL 


and  a  simple  solution  known  as  'resolution'  of  the  same  system  of  equations  is 
repeatedly  used. 


3.7.7.1  Incremental  Method 

This  method  is  elaborately  explained  in  the  text  [(Fig.  3.9)].  It  is  reahsed  that 
the  solution  for  {u}  is  known  when  the  load  term  is  zero.  Once  the  starting 
point  is  known,  it  will  be  useful  to  study  the  u  as  F  is  incremented.  For  small 
increments  of  F,  convergence  is  highly  hkely.  For  the  loading  process,  the 
intermediate  computed  results  would  be  useful  information.  Thus  the  method 
begins  with 


Fig.  3.9  Incremental 
method 
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{F}{u}  +  {IFo}  =  0  (3.112) 

Differentiation  is  now  needed.  Assuming  it  is  an  exact  differentiation,  then 

In  simplified  form 

^=-[Kr'{U}]-'{F,}  (3.114) 

Here  one  can  identify  the  tangential  matrix.  To  simpHfy  the  equation  such  as  the 
above  one,  Euler's  method  is  used  which  states 

{C/„,+i}  -  {[/,„}  =  -[Kr']{U,„}-'{F,}{Al-m}  =  -[Kr']-' {^F,,.}  (3.115) 
where 

Ki+i  —  ~^m  +  AA,„  (3.116) 

or 

F,„+i=  F„,  +  AF„,  (3.117) 

Improved  integration  schemes  in  the  text  can  be  used. 

3.8  Geometrically  Non-linear  Problems  in  Finite  Element 

3.8.1  Introduction 

Geometrically  non-hnear  problems  are  assumed  to  be  those  associated  with 
large  displacements  and  large  strains.  In  the  presence  of  large  displacements,  the 
structure  subjected  to  static  or  dynamic  loads  alters  shapes  and  hence  changes 
distributions.  Large  displacements  normally  affect  stress-strain  relationship. 
Equilibrium  equations  are  written  for  deformed  geometry.  In  dynamic  condi- 
tion or  under  dynamic  loading,  the  deformed  geometry  can  be  included  in  the 
dynamic  non-linear  equihbrium  equations.  The  linear  analysis  forms  the  basis 
and  there  is  no  need  to  revise  these  equations.  During  deformation  the  condi- 
tions are  displaced  which  are  known  as  moving  coordinates  and  they  cause 
solution  problems.  In  Plate  3.2,  the  stiffness  matrix  of  AB  changes  to  AC 
position  and  [K\  is  not  constant.  The  matrix  [A^]{AC/}  =  {AR}  where  {AR} 
are  the  loads  applied  to  the  distorted  nodes  of  the  distorted  elements  and 
effectively  are  the  arrayed  unbalanced  forces.  The  main  idea  is  that  for  a  typical 
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solution,  procedures  described  in  Section  3.8,  the  interactive  solution,  will 
always  be  looking  for  or  seeking  the  configuration  which  conforms  to  or  with 
{AR}  =  0.  One  way  is  to  account  for  rigid  body  displacement  where  a  distortion 
of  the  load  axis  x'  is  introduced  and  for  example  the  distortion  member  angle  cp 
can  be  written  for  element  AB  as  nodes  1  and  2: 


tan 


XL 


(3.118) 


If  an  element  is  distorted,  it  can  also  be  expressed  in  the  local  coordinate 
system. 

Various  parameters  are  written  as 


62  =  L  -  Lo  =  \jx\  +  y\  -  Lo 

=  y^(xo  +F^-F,f  +  (jo  +  05  -Oif-  u 
And  Ox  and  62  are  evaluated  as 

01  =  M3  -  (</.  -  <i>o)  =Mi-  [tan-'  ^  -  0o] 

Xh 


(3.119) 


01  =M, 


(po)  =  Me  -  [tan 


-1^ 

XL 


(3.120) 
(3.121) 


Forces  i^G(i,2)  apphed  at  nodes  1  and  2  by  the  distorted  element  are  written  in 
local  coordinates 


where 


{Faiui)}  =  [K]{S} 


0 
0 

01 
^2 
0 


(3.122) 


(3.123) 


Several  computer  packages  exist  to  solve  geometrically  distorted  structures, 
mostly  based  on  the  following  criteria  (Fig.  3.10): 

1.  Establish  initially  local  coordinates  using  local  displacements 

2.  Compute  element  distortions  in  local  coordinates 

3.  Establish  [K\  the  stiffness  matrix;  [A^]{(5}  in  local  coordinates 

4.  Transfer  [K\  and  {Fc}  to  global  coordinates 
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(a)  Undeformed 
Fig.  3.10  Geometrically  non-linear  problems 


(b)  Distarted 
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5.  The  transfer  technique  is  followed  for  all  the  distorted  elements  under  new 
distributed  loads.  Repeat  for  all 

6.  Assemble  global  structural  matrices  [K]  ~  J2{^]  ^^'^  {^]a  —  Si-^o} 

7.  Compute  the  {Ai?},  the  unbalanced  forces  for  the  vector  of  the  applied 
loads  and  {R} 

8.  Solve  for  the  displacement  increment  {Aw}  from  the  structural  equations 
[K]{Au}  ^  {AR} 

9.  Add  increments  {A«}  to  global  displacement  {3}  accumulated  in  previous 
interactions. 

10.  Update  estimate  of  the  equihbrium  configuration. 

1 1 .  Apply  convergence  criteria  given  in  the  text. 

12.  When  it  does  not  converge  go  to  step  1. 


3,9  Finite  Element  Analysis  of  Explosion  in  Nuclear  Facilities 
Using  the  Method  of  Explosive  Factor 

In  order  to  stimulate  detonation  controlHng  of  the  release  of  chemical  energy,  a 
factor  is  needed  to  multiply  the  equations  of  high  explosives  given  in  books.  The 
finite  element  method  would  require  at  the  initial  stage  a  hghting  time  tn  for 
each  element.  Assuming  the  detonation  velocity  is  vd,  the  value  of  tu  will  be 
computed  as  follows: 

Distance  from  the  centre  hue  of  the  detonation  point  to  the  centre  of  the 
element  divided  by  vd 

The  explosive  factor /exp  between  two  points  1  and  2  will  be 


such  that 


/exp  —  VI, exp  J  72,exp| 


2{t-tu)vD 

/i.exp  =  TTIJ ^      ^°^  '^'^' 


(3.124) 
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=  0         for/</i/  (3.125) 

/2,exp  =  T^^^  (3.126) 

1  -  Voj 

where  Vs  =  detonation  velocity;  A^  max  maximum  area  on  which  detonation  or 
burn  occurs;  ?  =  current  time;  Vcj  Chapman- J  ouguet  relative  volume;  v=  current 
volume. 

The  value  of  /exp  has  several  steps  towards  unity  and  according  to  Wilkins 
M.L.'  spread  the  burn  front  over  several  elements. 

After  reaching  unity,  /exp  is  held  constant  and  if  it  exceeds  1,  it  is  reset  to  1. 
According  to  the  author  the  high  explosive  material  be  have  as  an  elastic 
perfectly  plastic  sohds  prior  to  detonation.  Hence,  it  will  be  necessary  to  update 
the  stress  tensor  to  an  elastic  stress  *5//"+'  such  that 

*  Si/'+'  =  Sij"  +  SipQpj  +  SjpQpi  +  2G4  dt  (3.127) 

where  G  is  the  shear  modulus  and  ej..  is  a  deviatoric  strain  rate.  The  von  Mises 
yield  condition  is  given  by 

<i>  =  J2^^  (3.128) 

where  the  second  stress  invariant,  Jj,  is  defined  in  terms  of  the  deviatoric  stress 
components  as 

Ji=\SijSij  (3.129) 

and  the  yield  stress  is  Cy.  If  yielding  has  occurred,  i.e.  (f)>Q  the  deviatoric  trial 
stress  is  scaled  to  obtain  the  final  deviatoric  stress  at  time  «  +  1 : 

For  detailed  investigation  in  this  field  a  reference  is  made  to  the  following 
publication  by  the  author:  'Manual  of  Numerical  Methods  in  Concrete.  Thomas 
Telford,  London,  2001.' 

The  value  of  5,y+'  can  be  written  as 

Sij  =  -^Sif+^  (3.130) 


/3/2 

If  (/)  <  0  then 

Sif+^  ^  Sif+^  (3.131) 


'  [Wilkins  M.L.,"Calulations  of  Elastic  Plastic  Flow,"  Meth,  Comp.  Phys.  3  (Academic 
Press),  211-263  (1964).] 
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Before  detonation  pressure  is  given  by  the  expression 
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3«+l 


«-i.-» 


where  Kis  the  bulk  modulus.  Once  the  explosive  material  detonates 

Sif+^^0  (3.132) 

and  the  material  behaves  like  a  gas. 

For  practical  application  a  reference  is  made  to  the  author's  book  on  Explo- 
sion-Resistant Buildings.  Springer  Verlag  2006. 


3.9.1  Good  Achievement  of  the  Explosive  Burn 

It  will  be  necessary  to  look  into  the  following  points  in  order  to  achieve  good 
explosive  burn: 

1.  Where  the  impact  occurs,  the  FE  mesh  must  be  kept  constant. 

2.  The  characteristic  element  dimension  must  be  found  by  checking  all  explo- 
sive elements  for  the  largest  diagonal. 

3.  The  detonation  points,  if  possible,  must  be  within  or  at  the  boundary  of  the 
explosive. 


Fig.  3.11  3D  global  mesh 
schemes  of  a  tank  and  PWR 
nuclear  power  station 
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4.  Check  always  the  computed  Ughting  time  for  the  explosive  material.  The 
hghting  time  I  program  LS-DYNA  is  kept  at  a  negative  number.  This  is  true 
in  program  BANG  F-FIRE 

The  line  of  detonation  must  have  sufficient  number  of  detonation  points  in 
order  to  visuahse  the  hne  of  fire.  Some  of  the  global  mesh  schemes  such  as  Tank 
and  PWR  power  station  are  shown  in  Fig.  3.1 1. 


3.10  Finite  Element  Metliod  Scliemes 

Several  finite  element  analysis  packages  are  available  together  with  their  mesh- 
generating  schemes.  Although  the  subject  is  beyond  the  scope  of  this  book, 
however  the  following  packages  are  mentioned  for  the  reader's  in-depth  studies: 
Various  mesh-generation  schemes  are  available  as  front  ended  to  various 
computer  packages  such  as  mentioned  above.  Plate  3.3  just  shows  a  few  of  such 
examples.  The  following  are  known  packages  are  listed  below. 


Fig.  3.12  3D  mesh- 
generating  schemes  of 
nuclear  structures 
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Plate  3.3  Finite  Element  Mesh  Schemes  for  structures  for  nuclear  facilities 
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ANSYS  IDEAS 

ABACUS  OAYES 

DYNA  3D  NASTRAN 

ASAS  MARC 

LUSAS  F.  BANG 

Ls  DYANA  F.  ISOPAR 
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Chapter  4 

Steel  Pressure  Vessels  for  Nuclear  Facilities 


4.1  General  Introduction 

Steel  pressure  vessels  have  been  used  to  contain  reactor  designed  for  various 
nuclear  power  facilities  in  the  world.  The  dimensions,  loadings  and  materials 
used  are  dependent  on  the  type  of  reactor  systems  adopted  in  the  nuclear 
facihties.  Some  are  core  left  standing  covered  by  radiation  shielding  or 
embedded  in  thick  concrete  walls  and  slabs.  A  typical  reactor  pressure  vessel 
for  PWR  is  shown  in  Figure  4.1.  Table  4.1  indicates  design  limit  stresses  for 
various  pressure  parts.  This  chapter  begins  with  the  general  design  criteria  for 
pressure  vessels.  These  vessels  are  first  treated  as  thin  sheU  surfaces.  The 
equations  of  equihbrium  of  the  element  shell  of  revolution  have  been  estab- 
hshed.  Equations  are  derived  for  cyhndrical  shell  surfaces  of  the  vessel.  Mem- 
brane solution  of  domical  surfaces  are  given  and  they  are  tabulated  for  a 
comparative  study.  Spherical,  conical  and  elliptical  dome  parts  of  the  vessels 
have  been  examined.  Step-by-step  equations  have  been  established  with  design 
examples.  Since  mostly  these  vessels  in  the  current  environment  have  Toro 
spherical  domes  surfaces,  previous  equations  have  been  readjusted  to  cater 
for  these  types  of  surfaces. 

A  comprehensive  accident  analysis  of  PWR  loss-of-coolant  (LOCA)  type 
accident  is  generally  required.  A  3D  finite  element  technique  given  in  Chapter  3 
has  been  used  to  investigate  this  effect  of  thermal  shock  load  causing  partial  or 
complete  rupture  of  the  vessels.  Various  results  have  been  produced  and  they 
are  plotted.  Jet  impingement  forces  on  PWR  steel  vessel  components  have  been 
carefully  examined.  The  R6  method  of  structure  mechanics  is  examined  with 
failure  diagram.  At  the  end,  the  state-of-the-art  software  for  3D  fracture 
mechanics  simulation  in  the  reactor  vessel  has  been  introduced,  known  as 
ZENCRACK.  Finite  element  interfaces,  mesh  procedure,  adaptive  remeshing 
and  load  handling  in  fracture  mechanics  have  been  thoroughly  explained  and 
sample  applications  are  given  to  demonstrate  the  ZENCRACK  by  Zentech 
International  Ltd.,  London. 
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Fig.  4.1  Cut-away  diagram  showing  the  PWR  steel  vessel  and  internals  (former  CEGB 
Sizewell  B  inquiry).  (From  Bangash)^"^^ 


4,2  General  Design  Criteria  for  Pressure  Vessels 

4.2.1  Introduction 

ASME  provides  necessary  formulae  to  compute  vessel  sizes  and  membrane 
stresses  of  the  vessel  due  to  internal  and  external  pressures;  it  leaves  to  the 
designer  to  carry  out  analytical  procedures  for  computing  stresses  due  to  other 
loads  including  combinations  of  loads. 

However,  it  is  a  general  practice  to  provide  detailed  stress  analysis  for  the 
vessel  components  outside  the  Code  approved  details  using  either  the  max- 
imum-stress or  the  maximum-shear  theory  of  failure  and  to  select  allowable 
stresses  for  design  conditions  other  than  normal  operations  or  for  computed 
stresses  other  than  direct  membrane  or  direct  membrane  plus  primary  bending 
Code  stresses.  CEGB  R6  method  based  on  fracture  mechanics  is  highly  recom- 
mended. This  method  later  on  has  been  thoroughly  discussed  in  this  chapter. 
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Fig.  4.2  (a)  The  reactor  vessel  of  a  4-loop  PWR  system  (safety  factors  computed  using  the 
finite-element  method),  (b)  Diagram  showing  sections  from  which  the  PWR  vessel  may  be 
fabricated  when  sections  are  either  rolled  plate  or  forged  material  (shaded parts  are  common 
to  both).  (Courtesy  of  Marshalf^  '^^)  (From  Bangash^ '') 


Table  4.1  gives  the  design  limit  stresses  for  the  pressure  parts  of  the  steel  vessel 
and  they  are  kept  as  BENCH  MARK  for  checking  hnear.  Non-linear  and 
fracture/cracking  analysis  based  on  computerized  numerical  methods  such  as 
finite  element  and  boundary  elements  techniques.  Basically  the  stresses,  as  they 
occur  in  the  vessel  shells,  are  divided  into  three  distinct  categories:  primary, 
secondary  and  peak. 

Primary  stress  is  produced  by  steady  mechanical  loads,  excluding  disconti- 
nuity stresses  or  stress  concentrations.  Its  main  characteristic  is  that  it  is  not 
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self-limiting.  Primary  stress  is  divided  into  two  subcategories.  It  is  imposed  on 
the  vessel  by  the  equilibration  of  external  and  internal  mechanical  forces.  Any 
yielding  through  the  entire  shell  thickness  will  not  distribute  the  stress,  but  will 
result  in  gross  distortions,  often  carried  to  failure.  General  primary  stress  is 
divided  into  primary  membrane  stress  and  primary  bending  stress;  the  limit 
design  method  shows  that  a  higher  stress  limit  can  be  applied  to  the  primary 
bending  stress  than  to  the  primary  membrane  stress. 

Local  primary  stress  is  produced  by  the  design  pressure  alone  or  by  other 
mechanical  loads.  It  has  some  self-limiting  characteristics.  If  the  local  primary 
stress  exceeds  the  yield  point  of  the  material,  the  load  is  distributed  and  carried 
by  other  parts  of  the  vessel. 

The  basic  characteristic  of  secondary  stress  is  that  it  is  self-limiting.  Minor 
yielding  will  reduce  the  forces  causing  excessive  stresses.  Secondary  stress  can 
be  divided  into  membrane  stress  and  bending  stress,  but  both  are  controlled  by 
the  same  limit  stress  intensities.  Typical  examples  of  secondary  stress  are 
thermal  stresses  and  local  bending  stresses  due  to  internal  pressure  at  shell 
discontinuities. 

Peak  stress  is  the  highest  stress  at  some  local  point  under  consideration.  In 
case  of  failure,  peak  stress  does  not  generate  any  noticeable  distortion,  but  it 
can  be  a  source  of  fatigue  cracks,  stress-corrosion  and  delayed  fractures. 
According  to  the  shear  theory  of  failure  yielding  in  a  member  under  loads 
begins  if  the  maximum  induced  shear  stress  equals  the  yield  shear  stress 
developed  in  a  test  sample  under  simple  tension.  The  maximum  shear  stress 
T  at  the  point  under  consideration  equals  one-half  the  largest  algebraic 
difference  between  any  two  out  of  three  principal  stresses  (ffi,  0-2,(73)  at  that 
point.  It  occurs  on  each  of  two  planes  inclined  45°  from  these  two  principal 
stresses.  For  ai,>a2>o\-,  maximum  x  =  [gt,  —  a\)/2.  Twice  the  maximum 
shear  stress  t  is  by  definition  the  equivalent  intensity  combined  stress  or 
stress  intensity. 

There  is  a  procedure  for  the  computation  of  stress  intesities. 

1.  The  maximum  stress  intensity  is  computed  on  the  basis  of/",,,,  the  sum  of  all 
primary  membrane  stress  components  which  must  not  exceed  a  stress  inten- 
sity equal  to  a,„  x  k  and  k,  a  stress  intensity  factor  ranges  1.0-1.2  for 
different  load  combinations  such  that  when  applied  to  a„,  =  Cy  or  <  l^Ou, 
while  fT,„  =  basic  design  stress  value  intension  of  the  vessel  materials. 

2.  Local  membrane  stress  intensity.  The  maximum  allowable  stress  intensity  for 
S  derived  from  Cl  stresses  is  1.5(7m  times  the  factor  k  when  applicable. 

3.  Primary  membrane  {g^  or  Oi^  plus  primary  bending  (a\,)  stress  intensity.  The 
maximum  stress  intensity  S  based  on  ff,-n  or  ctl  stresses  plus  the  bending  stress 
((Tb)  is  limited  to  1.5(t„^  time  the  factor  k  when  applicable. 

4.  Primary  plus  secondary  stress  intensity.  The  maximum  stress  intensity  S  as 
based  on  the  primary  or  local  membrane  stresses  plus  the  primary  bending 
stress  plus  the  secondary  stress  (cr  „,  or  ctl  +  Cb  +  X)  2)  cannot  exceed  the 
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value  of  3(7^.  All  stresses  may  be  computed  under  operating  conditions, 
usually  less  severe  than  the  design  conditions  (3am  <  2ffy) 
5.  Peak  stress  intensity.  If  fatigue  analysis  is  required  for  cyclic  operating 
conditions,  the  maximum  stress  intensity  5  must  be  computed  from 
the  combined  primary,  secondary  and  peak  stresses  (ffm  or  cl  +  <^h+ 
^Q  +  ^F)  under  operating  conditions.  The  allowable  value  a^  for  this 
peak  stress  intensity  5  is  obtained  by  the  methods  of  analysis  for  cyclic 
operations  with  the  use  of  the  fatigue  curves. 

The  symbols  below  define  various  stresses: 

a^^  =  sum  of  all  general  primary  membrane  stress  components 

(7l  =  sum  of  aU  local  primary  membrane  stress  components 

(7b  =  sum  of  all  primary  bending  stress  components 

^  g  =  sum  of  all  secondary  (membrane  and  bending)  stress  components 

^  F=  sum  of  aU  peak  stress  components 

Note:  In  ASME  codes  a  is  defined  as  "S"  but  this  symbol  is  adopted  for 
uniformity  for  suitable  computerized  analysis  as  done  elsewhere  in  the  text. 


4.3  Stress  Analysis  of  Vessel  Shell  Components 

4.3.1  Shape  and  Curvature 

At  any  point  of  a  shell  surface  there  are  two  principal  curvatures:  l/i?i,  and 
1/^2-  The  Gaussian  or  mean  curvature  l/i?i,  I/R2  is  used  for  classification. 

•  Synclastic  or  elliptical  surfaces  have  l/R^Rj  >  0,  i.e.  both  curvatures  are  at 
the  same  sign.  Examples  are  domes,  elliptic  paraboloids  ('elpers'). 

•  Anticlastic  or  hyperbolic  surfaces  with  I/RiRjKO  are  of  the  saddle  type; 
curvatures  at  a  point  are  of  different  sign.  They  are  sensitive  to  the  way 
they  are  supported  and  to  various  secondary  effects,  such  as  temperature, 
shrinkage. 

•  Some  anticlastic  surfaces  can  be  generated  by  straight  tines  (ruled  or  warped 
surface):  the  conoid  (one  system  of  straight  generators),  the  hyperboloid  a.r\d 
the  hyperbolic  paraboloid  ('Hypar')  both  with  two  systems  of  straight  gen- 
erators. They  are  easier  to  form  than  synclastic  surfaces,  but  are  subject  to 
large  displacements  if  free  at  the  edges. 

•  Surfaces  of  zero  Gaussian  curvature  —  i.e.  cylindrical  shells  —  are  probably 
most  affected  by  the  bending  effect,  and  the  membrane  theory  can  give  good 
approximation  only  in  exceptional  cases. 

•  Folded  plate  structures  —  stripes  of  plate  jointed  at  the  edges  —  are  not  really 
shells  at  all,  but  in  functioning  and  in  the  way  they  can  be  treated  are  quite 
close  to  cyhndrical  shells.  The  edges  of  the  dome  shell  of  the  reactor  vessel 
will,  sometimes,  develop  the  shape  of  the  folded  plates. 
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Kind  of  surface 

•  Developable  surfaces  can  be  bent  into  other  shapes  without  stretching  —  e.g. 
cyhndrical  and  conical  shells. 

•  Non-developable  surfaces,  i.e.  of  double  curvature. 


4.3.2  Boundary  and  Edge  Conditions 

•  Closed  shells 

•  Open  shells  with  various  edge  conditions: 

Free  for  clamped  continuous  support 

Single  supports 

Edge  beams 

Ribs 

Ties  and  traverses 

Boundary  and  edge  conditions  modify  the  behavior  of  the  shell,  due  to  dis- 
turbance or  perturbations  originating  from  the  edges. 


4.3.3  Generalized  Analysis  of  Thin  Shell  Surfaces  of  the  Reactor 
Vessels 

4.3.3.1  Assumptions  Made  in  the  Theory  of  Elastic  Thin  Shells 

1.  Direct  stresses  perpendicular  to  the  middle  surface  can  be  neglected. 

2.  Points  on  a  normal  distribution  to  the  middle  surface  before  the  deformation 
will  be  on  a  straight  line  after  the  deformation  has  taken  place. 

3.  This  hne  will  remain  perpendicular  to  the  deformed  middle  surface. 

4.  Displacements  are  small  compared  to  the  thickness  of  the  shell. 

Stress  resultants  of  a  shell  of  the  reactor  vessel: 

A  system  of  coordinates,  i.e.  x,  y,  is  defined  on  the  middle  surface,  so  that  the 
lines  X  =  const  meets  lines  y  =  const  at  right  angles  (Gaussian  coordinates). 
The  element  is  out  from  the  shell  along  pairs  of  adjacent  coordinates  lines,  and 
the  cuts  are  made  so  that  four  sides  of  the  element  are  normal  to  the  middle 
surface.  The  coordinates  z  is  measured  positive  inwards,  x,  y,  z,  from  a  right- 
handed  triad. 

(Note:  Some  writers  define  z  positive  outwards,  which  results  in  an  interchange 
of -T  and  y  axes  to  preserve  the  right-hand  rule). 

Stress  resultants  are  defined  as  forces  (or  bending  moments)  per  unit  of  length 
as  in  plate  theory.  Figure  4.3  shows  the  shell  element  with  the  stresses.  Figure  4.4 
shows  the  membrane  stress  resultants.  The  tensile  forces  are  positive,  and  the 
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Fig.  4.3  Membrane  stresses 


Fig.  4.4  Membrane  stress 
resultants 


figure  shows  positive  shear  forces  A^vv  and  Ny^.  Figure  4.5  shows  the  bending 
stress  resuhants,  i.e.  bending  moments  M^,  M^.  twisting  moment  Myy,  M,.v  and 
transverse  (radial)  shear  forces  Q^  and  Qy. 

The  applied  external  forces  revolved  into  components  X,  Y,  Z  in  the  direc- 
tions for  the  membrane  stress  resultants  are 
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Fig.  4.5  Bending  stress 
resultants 


N.=   I    ^4l--)dz;      Ny=   laA\--]dz 


(4.1) 


A^.vr 


T.,-,,  (  1  -  -  )  dz;      A^,,,. 


TvA- 1  1  -  —  I  dz 


(4.2) 


The  second  terms  in  these  expressions  Z/ry,  Z/X  are  due  to  the  trapezoidal 
form  of  the  sides  of  the  element:  as  the  thickness  /  is  small  compared  with  the 
radh  of  curvatm-e,  these  terms  are  omitted. 

T^^.  =  (T,.^.  are  complementary  shear  stresses,  but  shear  forces  Nxy  and  Ny^  are 
only  equal  when  r  v  =  ry. 


4.3.3.2  Assumptions  of  the  Membrane  Theory  for  Shells 

The  stresses  are  uniformly  distributed  over  the  thickness  of  the  shell,  from  which 
it  follows  that  A'^^^-y  =  A^y ,-  (by  dropping  the  second  term  Xy^  and  x^y  can  be  taken  in 
front  of  the  integration  sign).  The  membrane  stress  resultants  are  therefore 

•  all  the  other  six  stress  resultants  are  assumed  to  be  zero; 

•  the  three  equations  of  equilibrium  of  forces  are  sufficient  to  determine  the 
three  unknowns,  N^,  Ny  and  A'^^v,- 

The  requirements  for  the  use  of  the  membrane  theory  are 

1.  The  middle  surface  must  be  continuous  (no  sudden  changes  of  curvature). 

2.  No  sudden  changes  of  the  thickness  are  allowed. 

3.  Reactions  at  the  edges  must  be  directed  tangentially  to  the  middle  surface, 
and  support  arrangements  must  be  made  to  allow  this. 

The  geometry  of  a  dome,  as  a  shell  of  revolution,  is  shown  in  Fig.  4.6  and 
with  notation  in  Figs.  4.7  and  4.8. 
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Fig.  4.6  Geometry  of  dome 


Meridian 


Axis  of  rotation  of  shell 


Meridian 


Parallel  circle 


Datum  plane 


do 


Fig.  4.7  Element  in  the 
middle  surface  of  a  shell 
of  revolution 
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W«/id0 


W,„/-d9 


W/id(4 


N  rde  +  —^Jd d. 


Fig.  4.8  The  membrane  stress  resultants  and  the  load  components 


4.3.4  The  Equations  of  Equilibrium  of  the  Element  of  a  Shell 
of  Revolution 

The  equation  for  forces  in  the  x  direction  (along  tangent  to  a  parallel  circle) 
Geometry: 

Tangents  to  meridians  at  A  and  B  intersect  at  angle  a  (Fig.  4.9a) 

;'2  tan  (t)da  =  AB  =  rdO 

rdO 
da : 


r2  tan  cj) 
But, 

r  =  r2  sin  cj) 

da  =  dflcoscj) 
Required:  component  o{ Ng^^Rig  in  the  x  direction 

2  X  A^0<t,/-id(t)sinf  —  j  =  NgifY^d^Aa 
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required 
component 
O       of  Wj/,  d<j) 


C  D 

Fig.  4.9  (a)  Tangents  to  meridian,  (b)  Equilibrium  diagram,  (c)  Elements  of  meridian 


But,  da  =  dflcosct) 

Ng^rde  +  ^rd0d,^  -  Ng^rdO  +  Nend<^  +  "^ndc^dfl  -  ^e^dc^ 
+  7V(|,flrid(t)dOcos  cj)  +  Xrid(^rdO  =  0 


W.sin 


Fig.  4.10  Longitudinal  forces 
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r  =  radius  of  curvature  of  parallel  circle 

Vj  =  radius  of  curvature  of  meridian 

r2  =  length  of  normal  to  surface,  to  axis  of  rotation 

^h  ''2  =  principal  radii  of  curvature  at  A  (Meusnier  theorem) 

AB  =  rd0 
AD  =  ;-i  d^ 

Total  forces  acting  on  the  sides  of  the  element  are  shown  in  the  figure  as  AB  ^  CD. 
Coordinate  axes  are 

X  =  along  tangent  to  parallel  circle 
y  =  along  tangent  to  meridian 
z  =  normal  to  the  shell  surface 

And  after  reduction,  as 

^  {rNi,e)  +r,^  +  nN^g  cos  ^  +  Xru  =  0  (4.4) 

The  equation  for  forces  in  the  j'  direction  (along  tangent  to  meridian). 

Required:  components  of  total  force  on  AD  and  BC  N^rd^  has  component 
along  the  radius  of  the  parallel  circle: 

2Nerd^?,m(—\  =  INeridi^AO 

Resolving  this  in  the  y  and  z  directions: 

Component  in  y  direction  NerA^dO  cos  (j) 
Component  in  z  direction  NgrxAd^dd sin  ^ 

^  {i-N^)  +  r,  -^  +  r,Ne  cos  c^  +  Yrr,  =  0  (4.5) 

The  equation  for  forces  in  Z  direction  ( i.e.  normal  to  the  middle  surface  of  the 
shell): 

Component  due  to  N^,  in  the  Z  direction: 

NifrAdsmi-y\  =  jV<j,;-idOdct) 

Component  due  ioNg 

The  complete  equation  of  this  equihbrium  is 

Nei'id^dd  sin  cj)  +  N^rdOA^  +  ZrirdBdi?  =  0 
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where  r  =  ri  sin  cj)  and  ri  =  1-2  sin  (t)dOd(|) 

^  +  ^  +  Z=0  (4.6) 

''2  ''2 

Identity  of  cross  shears 

N^e  =  Ng^  (4.7) 

Equations  (4.4),  (4.5),  (4.6)  and  (4.7)  allow  the  calculation  of  the  membrane 
forces  of  a  shell  of  revolution,  also  for  asymmetrical  loading. 

4.3.5  Shells  of  Revolution:  Axisymmetric  Loading 

With  loads  symmetric  about  the  vertical  axis  of  rotation,  Eqs.  (4.4),  (4.5),  (4.6) 
and  (4.7)  simphfy  considerably 

1 .  Stresses  are  independent  of  0,  and  all  partial  derivatives  with  respect  to  9 
disappear. 

2.  Ni^g  =  Ng^  =  0,  otherwise  they  would  produce  asymmetrical  deformation 
with  respect  to  the  vertical  axis. 

3.  There  is  no  variation  of  other  stress  resultants  with  0. 

4.  The  component  Z  of  the  load  must  vanish;  it  would  produce  twist  about  the 
axis  and  shear  deformation. 

Therefore,  Eq.  (4.1)  is  identicahy  satisfied  and  disappears.  Hence,  Eq.  (4.5) 
simplifies  to 

^  (rN^)  +  rNg  cos  ^  +  Yrn  =  0  (4.8) 

Eq.  (4.6)  is  unchanged 

'"1        '"2 

The  differential  Eq.  (4.8)  and  the  common  Eq.  (4.6)  are  sufficient  to  determine 
meridian  force  N^  and  the  hoop  force  Ng  for  an  axisymmetrically  loaded  shell  0/ 
revolution. 

Procedure  in  solving  Eqs.  (4.8)  and  (4.6) 
From  Eq.  (4.6) 

Ng  =  -Y2(z  +  ^  (4.9o) 
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Substituting  into  Eq.  (4.8)  using  r  =  ;-2sin  cj),  and  multiplying  the  equation  with 
sin  (j)  gives 

^!^=- sincb  +  A^(|);-2  sin  cb cos  cb  =  — rirjlY sin  d)  +  Zcos^)  sincj) 

dcp 

The  left-curved  side  can  be  written  as  d{N^r2  sin^  c|))/d(t>  hence 

d{N^rsm^) 


d<t) 

The  integration  with  cj)  is  variable 
1 


=  -;ti  ( y  sin  cj)  +  Zcosd?)  {4.9b) 


N^ 


r  sm  < 


/  -n-|(7sin(t)  +  Zcos(t))d(t)  + C 


where  the  constant  C  is  found  from  boundary  conditions.  The  hoop  force  is 
obtained  later  from  Eq.  (4.6). 

The  membrane  forces  of  an  axisymmetrically  loaded  dome  can  be  obtained 
much  faster  and  more  directly.  Instead  of  dealing  with  the  equiUbrium  of  the 
element  of  the  shell,  consider  the  equilibrium  of  the  dome  above  a  certain 
parallel  circle. 

If  W  is  the  vertical  resultant  of  the  applied  load  and  InrN/^  sin  cj)  is  the  total 
vertical  component  around  the  parallel  circle  of  the  meridian  force  N^,  then 

27irjV<t,  sin  (|)  -  If' =  0  (4.10) 

where  N^^  =  W/{2nr'i\nii^). 

The  hoop  force  No  can  now  be  calculated  (see  Fig.  4.9). 


4.3.6  Cylindrical  Shell  Surfaces  of  the  Vessel 

4.3.6.1  Types  of  Cylindrical  Shell  Surfaces 

Cylindrical  shells  —  shells  in  which  either  the  directrix  or  the  generatrix  is  a 
straight  line. 

Membrane  forces  on  the  cylindrical  shell  part  of  the  vessel  under  different 
loads  are  summarized  in  Table  4.2. 
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As  the  solution  of  a  3D  elasticity  problem  is  tough,  shell  theory  may  be  viewed 
as  a  3D  subset  of  elasticity  valid  for  certain  classes  of  structures.  For  this  subset 
we  shall  develop  appropriate  kinematics,  constitutive  and  equihbrium  relations. 

Now  consider  an  element  at  the  dome  in  the  middle  surface  of  the  shell  of 
revolution  as  shown  in  Fig.  4.11  where  R  is  the  radius  of  curvature  of  the 
parallel  circle  and  a  is  the  radius  of  curvature  of  the  meridian. 

The  membrane  stress,  stress  resultants  and  the  load  components  can  be 
designed  as  Px,  P,^  Pz  The  coordinate  axes,  as  in  Section  4.2.2,  are 

X  =  along  tangent  to  parallel  circle 
y  =  along  tangent  to  meridian 
z  =  normal  to  the  shell  surface 

Equations  of  equilibrium  of  the  element  of  a  shell  of  revolution.  As  shown  in 
Figs.  4. 11,  4.12  and  4.13,  the  equations  are  given  below.  Equations  of  forces  in 
the  X  direction. 

Refer  to  Fig.  4.12:  the  tangents  to  meridians  at  A  and  B  interact  at  an 
angle  dO 

AE  =  BE  =  a  tan  cb 


AB^a  tan  <\>d0  and  AB  =  r  x  OP 
This  required  component  of  Ne^  x  adO  in  the  x  direction  is 


(4.11) 


da  \       ax  \ar\<l) 


N6^xd4> 


Fig.  4.11  Side  element  equilibrium 
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Fig.  4.13  Dome  geometry 


2  X  Ng^  X  adOsinI  —  j  —  Ng^  x  ad^dO  —  Ng^acos cj)  x  dOdcj)  —  0      (4.12) 


Therefore,  the  complete  equation  of  equihbrium  in  the  x  direction  is 


Ng^rdO  +  -^  X  rOdcj) )  -  Ng^.rdO  +  (  Ng.ad^  +  ^  .adOd^  )  -  Ng.ad^ 


dN^ 
dO 


+  (A^<|,flcos(|).d0dct))  +  P^^.ad^.rdO  =  0 
Divide  all  by  d9d(f)  and  the  equation  becomes 


d{N<\>Or)         dNg 
d$       ^"'^0~ 


coscj)  +  P^.ra  =  0 


(4.13) 
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Equation  offerees  in  the  y  direetion 

Refer  to  Fig.  4.13  the  total  force  on  AD  and  BC,  Ng  and  c/dcj)  has  a  component 

along  the  radius  of  the  parallel  circle: 

2Nead<^  sin(d0/2)  «  Ngd(\)dO 

Resolving  this  in  the  y  and  z  directions,  one  has  Element  in  the  y  direction  and  is 
as  foUows: 

Ne.ad^dOcos^  (4.140) 

Element  in  the  z  direction  is  as  follows: 

A^e.ad(t)d0sin(t)  (4.14/)) 

The  complete  equation  of  equilibrium  in  the  y  direction  is  as  follows: 


N^rdO  +  d{N^)rdO^ 


NA^rdO 


Ng^ad^  +  ^^^^ad<\>dO 


Ng^ad^ 

-jVe-adct)d0cos(t)  +  Pyod^rdd  =  0 
Divide  all  by  d^dcj)  we  have 


rN^  +  a    \^'^   -  Nga COS, (^  +  Pyva  =  0  (4.1 5) 


Equation  offorees  in  the  z  direetion 

Required  component  of  forces  on  AB  and  CD  N^rdO:  component  of  N^rdO  in 

the  z  direction  is  as  follows: 

27V<|,rd0sin(^j  r^  N^rded<\> 

Combining  this  with  the  component  of  z  of  Ngctdcf)  from  (4.20a),  the  complete 
equation  of  equilibrium  is  as  follows: 

Ngadi?  sin  cj)  +  N^rdOd^  +  P-radfldct)  =  0 

But  r  =  fl  sin  (j)  therefore 

^  P-_=0  (4.16) 


a{Ng  +  N^) 


Assuming  that  the  stresses  are  uniformly  distributed  over  the  thickness  of  the 
shell: 

Ng^N^e  (4.17) 
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Equations  (4.19)  and  (4.21),  (4.22)  and  (4.23)  allow  the  calculation  of  the 
membrane  forces  of  a  shell  of  revolution.  Hence  with  loads  symmetric  about  the 
vertical  axis  of  rotation,  these  four  equations  simplify  considerably: 

1 .  Stresses  are  independent  of  0  and  all  partial  derivatives  with  respect  to  (j) 
disappear. 

2.  Ng^  =  Nt^6  =  0,  otherwise  they  would  produce  asymmetrical  deformation 
with  respect  to  the  vertical  axis. 

3.  There  is  no  variation  of  other  stress  resultants  with  0. 

4.  The  component  P  of  the  load  must  vanish;  it  would  produce  twist  about  the 
axis  and  shear  deformation. 

Therefore,  (4.19)  is  identically  satisfied  and  disappears.  Hence,  Eq.  (4.21) 
becomes 

-—(rNi,) -aNe  cos  ^  +  Pyra  =  0  (4.18) 

dcp 


Equation  (4.22)  remains  the  same: 


1  '  P-  =  0 


a{Ne  +  Nif) 
Therefore 

Ne  =  -{P-_a  +  N^)  (4.19) 

For  an  axisymmetrically  loaded  dome,  the  meridional  forces  N^^  can  be 
obtained  much  faster  and  directly  by  considering  the  equihbrium  of  the  part 
of  the  dome  above  a  certain  parallel  circle. 

Then,  if  V  is  the  vertical  resultant  of  the  applied  load  and  InrN^  sin  (|)  is  the 
total  vertical  component  around  the  parallel  circle  of  the  meridional  force  N^ 

V 

InrNi,  sin  (b  +  F  =  0     A^4,  =  - ^—  (4.20) 

2nr  sm  (p 

Let  W  =  weight  per  unit  area.  Surface  area  above  parallel  circle. 

S^  =  InaH  =2na^{\- cos  ^)  (4.21) 

Therefore,  the  meridional  force  is  as  follows: 

Ni,  = -W J  {X+cos^)  {A.ll) 

Therefore,  the  hoop  force  is  as  follows: 
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Ne^  Pr„(l -cos  ct)-cos2  ([))/( 1+ cos  4))  (4.23) 

The  load  on  rd(\)  about  the  axis 

=  rddp.lnr  sin  <!\)w'{^  -  ^o)  (4.24) 

Total  load  is  0-1  about  axis 

Wu  =  27:r^n''(sin  (\)y  —  sin  (\)g)  —  cos  4"! (4^1  ~  4'o) 

Determination  of  meridional  thrust  T  and  hoop  force  H 

The  reader  is  referred  to  Figs.  4.14,  4.15  and  4.16  for  computing  the  value  of  T 

and  7/. 


.^o  Lantern  opening 

'  rsin  <j)  j  Axis  of 
I  rotation 


Fig.  4.14  Longitude  and  latitude  of  a  spherical  dome 


Element 
Latitude 


Axis  of  rotation 


7  cos  (p'\ 


(a)  (b) 

Fig.  4.15  Meridional  thrust  and  hoop  or  circumferential  forces 
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^ -'""'*     .,  .*>^ 


(a) 

Fig.  4.16  Forces  in  equilibrium 


psif^^A     I 


Wj,  =  sum  of  vertical  componets  T 
Wu  —  27rrsin(t)i  x  rsincj)! 


27trsin"  ^^ 


{4.24a) 


If  the  dome  is  continuous  along  the  circle  of  latitude  through  1 ,  a  circular  ring 
through  that  point  is  subjected  to  a  unit  radial  force  of  (T  x  cos  ct)i).  Therefore 


5=:  ring  tension  =  (W^„cosct)i)/(27r  x  sin(t>i) 

Total  radial  component 

Length  of  arc  A  —  A'  =  [IT  x  d^)/{2r  x  d(|))  =  T/r  therefore, 

//=  -T+  [w'  +  vv'((|)i  -  ct)o)]  X  rcos(|)i 


(4.25) 


(4.26) 


4.4.1  Elliptical  Dome-Shaped  Surfaces  of  the  Vessel 

The  following  analysis  is  carried  out  for  the  elliptical  dome  (Fig.  4.17).  Equa- 
tion of  ellipse 


1 


(4.27) 


where  X  =  a  sin  (()  and  Y  =  b  cos  cj).  Consider  a  ring  produced  by  rotating  an 
element  d^  about  the  Y  axis  of  the  dome. 
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Fig.  4.17  Elliptical  dome 
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Point  1 


d,v  =  y^[(d.\-)^  +  (dy)-]  =  \J[{a^-  cos^  cj)  +  ft^  sin'  ^)]d^ 
Weight  of  element  ring  is  as  follows 
dir  =  271  X  X  X  W  yi  ds 


In  X  u'  X  a^sin(t)\/(l  —  [{{a^  —  ft-)/a-)  sin"  (()]  x  dcj)) 


f^„  =  total  load  between  points  0-1 


Wu  —  dvt'  —  Iny.  aw 


cos(t)(\/ 1  — /c^sin  <j)) 


-k{\  —  k')  X  log/: cos  ^(1  —  k^  sin"  cj)) 


Let  coscj)  =  y//?  =  ^  and  sin'  (|)  =  1  —  cos^  ^  =  \g^ 
Substitute  into  Eq.  (4.35) 


]^  +  ]^k{\-k^)x\og{\+k) 


1 


W=  2n  X  a'li 

-\g(,Jl-k^l-g2)-^k{l-k')x\ogk+^l-k^l-g^) 

=  {2Tia^w)C 
where  C  is  the  quantity  in  the  bracket. 


(4.28) 


(4.29) 


(4.30) 
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To  find  the  meridional  thrust 

T  = 


In  sin  (()x 

In  X  a{yj{\  —  g-sin(|)) 


^„.c.^/^-^-^(^-^^) 


(4.31) 


/'(I -^2) 


na^        CQ 
X         ^ 


/)        1-^2 


where  Q  =  ^\-B{\-g^) 


H  - 


R  sin  4>         sin  ( 


-WX^  U'.YCOS' 


27?  sin^  4)         sin  cj) 


(4.32) 


'^"^       Q 

If  the  dome  is  continued  along  the  circle  of  latitude  through  point  1,  an  edge 
member  must  be  provided  along  that  circle  and  that  member  is  subjected  to  ring 
tension,  5 

Wa  s 

S  =  -^x^^  (4.33) 

2nxb     Vl-^i 


4.4.2  Torispherical  Shell  Surfaces  of  the  Reactor  Vessel  Top  Dome 

The  torispherical  shell  surface  is  formed  when  a  toroidal  segment  is  inserted 
between  a  spherical  and  a  cylindrical  cap.  The  dome  surface  is  always  used  as 
well  for  the  reactor  vessel. 
Main  analysis 

The  geometry  of  this  shell  is  shown  in  more  detail  in  Fig.  4.18. 

In  terms  of  the  radii  of  curvature  of  the  sphere  ax,  the  toroid  ai,  and  the 
cylinder  Uj-,  the  meridional  angle  at  the  sphere — toroid  junction  is  given  by 

sin(|)i  ^^^^-^3  ^4  34^ 

a\  —  ciT, 

In  practice,  the  radius  of  the  toroid  is  selected  so  as  to  provide  smooth  transi- 
tions at  both  ends. 
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Spherical 


Toroidal 


Cylindrical 


Fig.  4.18  Torospherical  shell  geometry 

To  derive  the  membrane  theory  stress  resultants,  one  again  uses  the  overall 
equilibrium  method.  At  a  general  section  within  the  toroid,  c|)i  <^<n/2,  the 
resultant  axial  load  consists  of  two  parts:  Pi  =  the  load  on  the  spherical  cap,  and 
Pi{^)  =  the  load  between  cj)]  and  (|)  on  the  toroid.  For  a  uniform  positive 
pressurep,  the  magnitude  of  the  first  force  is  the  pressure  multiplied  by  the 
projected  base  area  of  the  cap. 
Toroidal-shaped  surfaces 


Pi  =  pn{ai  sin(t)i) 


(4.35a) 


For  the  second  force,  first  compute  the  horizontal  radius  of  the  toroid 

Rq  —  (fli  -  03)  sin  ())i  +  03  sin  cj)  {4.35b) 


Whereupon  the  magnitude  equals  the  pressure  multiplied  by  the  area  of  the 
projected  annulus, 

Pii^k)  =PT^[Po  -  («i  sinc/))^] 


\2    ■    2 


2„;„2 


=  pn[{ai—aT,)  sin  (/ii+fljsin  (^  +  2(fli  —  a3)a3  sin(/>i  sin<jf)  —  Oj  sin"  (/>i] 
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which  reduces  to 

P2i4>)  ^ pnai,{sin(l)  —  sin(/)i)[a3(sin(jf)  —  sin(/>i)  +  2ai  siiK/),]  (4.35c) 

Summing  Eqs.  (4.35a)  and  (4.35c) 


where, 


p{4>)  =  {a I  sin  ^i)   +  a3(sin(/)  —  sinf/))) 
X  [a3(sin(/»  —  sine/);)  +  2ai  siiKpi] 


(4.35fiO 


^^  =  l^^^^^P^^^ 


ppi4>) 


(4.36a) 


2[(ai  —  a^)  sin  (/)[  +  03  sin  cj)]  sin  </» 
To  compute  the  circumferential  stress  resultant,  the  equation  for  Nq  is 

Ne  =  Re{p-^)  (431) 

From  Eq.  (4.37)  since  Rq  =  Rq  smcj) 

^       an  —  03  ,  ,  sin(/)| 

^ff-^^  +  fl3=   fli-fl3  ^^  +  ^3  (4.38) 

sm  q>  sm  (p 

From  Fig.  4.18 

R<^  =  ^3 

Substituting  (6.55a)  and  (6.56)  into  (6.55b)  gives 
(fli  —  a3)  sin  (/)i  +  03  sin 


A^e=/7 


X     1 


sm(p 

2(0) 


2(33  sin  (/>[(oi  —  03)  sin  (^1  +03  sin  (/)] 


(4.39) 


Equation  (4.36a)  and  (4.39)  constitute  the  membrane  theory  solution  for  the 
so-called  toroidal  knuckle  portion  of  the  torospherical  head,  called  Toroidal 
Knuckle; 
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4,5  Nuclear  Reactor:  Accident  Analysis 

4.5.1  PWR  Loss-of-Coolant  Accident  (LOCA) 

4.5.1.1  Introduction  to  LOCA 

The  important  steel  reactor  pressure  vessel  analysis  is  to  check  them  against 
loss-of-coolant  accident  (LOCA),  especially  in  PWR.  A  loss-of-coolant  acci- 
dent (LOCA)  occurs  as  a  result  of  a  penetration  to  the  main  coolant  boundary 
such  that  the  primary  circuit  water  is  released  through  the  break  to  the  contain- 
ment area,  causing  a  rapid  decrease  in  the  pressure  and  temperature  of  the 
primary  coolant  Fig.  4.19.  This  will  give  an  impact  thermal  shock  load.  The 
streamline  break  accident  (SLBA)  occurs  as  a  result  of  a  complete  and  partial 
rupture  of  a  steam  line  inside  the  containment  vessel.  A  rapid  cool-down  and 
depressurization  of  the  primary  circuit  normally  take  place.  In  order  to  restore 


20-noded  isoparametric  element       ^j, 

1 


(a) 


(b) 


Fig.  4.19  Finite-element  mesh  generation  of  the  vessel  (a)  generalized  vessel  mesh,  (b)  Closure 
head — wall  flange  region.  (From  Bangash) 
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the  reactor  coolant  pressure,  a  pressure  loading  unconnected  with  LOCA  is 
required. 


4.5.1.2  Description  of  the  PWR  Vessel  and  Its  Materials 

Figure  4.1  shows  a  typical  PWR  vessel  for  sizewell  B.  The  vessel  steel  must 
possess  high  toughness  and  strength  coupled  with  adequate  weldability  in  thick 
sections,  with  generally  low-alloy  steels  containing  manganese,  nickel  and 
molybdenum.  The  material  grade  for  plates  is  SA-533  B  alloys,  and  SA-508 
alloys  for  forging.  Both  must  be  in  quenched  and  tempered  conditions.  The 
suitability  of  these  steels  rests  on  the  mechanical  properties  such  as  yield  stress, 
ultimate  tensile  strength,  elongation  to  fracture  and  charpy  impact  energy 
affected  by  thermal  aging,  strain  aging  and  neutron  irradiation.  The  vessels 
are  made  out  of  thick-section  plates  of  up  to  360  mm  or  from  ingots  of  over 
200,000  kg.  The  ingots  generally  develop  cavities  of  up  to  3  mm  in  the 
v-segregation  regions.  These  are  healed  by  hot  working  processes.  Both  plates 
and  forgings  are  welded.  Figure  4.2  shows  vessel  fabrications. 

Table  4.1  shows  the  data  used  in  the  3D  finite-element  analysis.  Figures  4.3 
and  4.20  show  the  finite-element  mesh  generation  scheme  of  the  vessel,  wall 
nozzles  and  closure  heads.  These  are  the  important  sections  and  locations  in  the 
reactor  vessels  from  the  point  of  view  of  fracture  assessment.  Figure  4.21a,  b 
shows  the  pressure — time  and  temperature — time  relationships.  Figures 
4.22-4.23  indicate  various  stresses  in  different  zones  due  to  a  LOCA  Table  4.3. 
The  defect  size  in  each  region  is  checked  using  the  R6  method  of  the  former 
CEGB  (UK)  which  is  given  in  Tables  4.4-4.6. 


Surface  intersection 
(9  =  90°) 


buried  defect 


C/W= 


2a  Cn 
4t{2C+t) 


deepest  point(e  =  0°) 
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(a) 


Fig.  4.20  Finite-element  mesh  generation  of  (a)  wail  nozzles  and  (b)  closure  head.  (From 
Bangash) 


(a) 


f=1915s 


16.08  M  Pa 

p  =  3.26 
MPa 

7 \  at  normal  heat 

12.82  MPa         up  rate  of 
minimum  0.001 7034  IMPa/s 


— v^ 


340 


20     40     60     80    too   120 


308.6 


2035 


Time  (s) 


cooldown  @  55.6  c/h 
■  0.01544  c/hr 

291.7  no  load  temp. 


20     40     60     80    too  120      1215 


Time  (s) 


Fig.  4.21  Loss  of  load  (without  immediate  reactor  trip)  (Westinghouse  revision  no  5).  (a) 
Reactor  coolant  pressure  and  (b)  temperature  variations.  (Courtesy  of  Marshall  of  U.K. 
AEA)  (From  Bangash) 
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500   1000  1500  2000  2500  3000  3500  4000  4500 
Time  (s) 

Fig.  4.22  Belt-line  reactor  trip  from  full  power.  Time  variation  of  hoop  stress  in  vessel 
material  from  clad/vessel  interface.  3DD:  three-dimensional  finite-element  analysis 
(Bangash);  M.  Marshal^'"  ;  (From  Bangash''"'') 


4.5.1.3  Nuclear  Containment  Under  Hydrogen  Detonation 

Hydrogen  detonation  has  become  an  important  issue  after  tlie  Tiiree-Mile- 
Island  accident.  The  hydrogen  burning  occurred  approximately  10  hours  into 
the  accident.  The  steam  reacting  with  the  Zircaloy  cladding  and  the  oxidation  of 
the  overheated  steel  vessel  interiors  created  large  quantities  of  hydrogen.  This 
can  also  occur  due  to  interaction  of  the  molten  core.  In  order  to  predict  the  wall 
pressures  due  to  such  detonations,  non-hnear  gas  dynamics  equations  for  the 
entire  volume  of  the  containment  vessel  have  to  be  solved.  In  the  current 
analysis  of  the  Sizewell  B  containment  vessel,  it  is  assumed  that  the  wall  pressure 
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Fig.  4.23  Secondary  thermal  stress  at  various  durations;  belt-line  region.  LOCA  condition. 
3DB:  Bangash:  M:  Marshall.^  '^^  (From  Bangash^^ '') 

Pq  is  proportional  to  tlie  (containment  pressure  P.  The  vessel  parameters  are 
given  in  Table  4.1  and  Figure  4.1.  It  is  assumed  that  the  detonation  starts 
approximately  at  the  mid-height  of  the  containment  vessel.  The  spherical 
shock  front  generated  obhquely  converges  at  the  dome,  causing  a  strong  reflec- 
tion around  the  apex.  The  containment  finite-element  mesh  scheme  is 
unchanged.  Bond  slip  and  shear  slip  for  the  reinforced  elements  are  considered. 
The  following  additional  input  data  have  been  included: 

Figure  4.34  a,  b  shows  the  non  dimensional  relationship  for  the  pressure 
PlPo  and  (t/R)Vso  for  the  Sizewell  B  vessel  at  the  apex  of  the  dome  and  at 
the  mid-height.  The  parameters  R  is  the  radius  of  the  containment  vessel. 
Figures  4.35  to  4.37  illustrate  the  stress-time  histories  fopr  the  containment 
wall,  dome  springing  and  dome  apex  due  to  detonation. 

E.4  Jet  impingement  forces  on  PWR  steel  vessel  components 

The  safety  of  nuclear  installations  such  as  the  pressure  vessel  and  its  piping 
systems  requires  strict  measures.  In  the  event  of  steel  failure,  the  safety  rules 
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loss  of  load).  3DB:  Bangash;  M:  MarshalE^^  '^^(From  Bangash^^^) 


require  the  assessment  of  the  jet  impinging  forces  on  the  vessel  nozzle  areas. 
In  the  current  analysis  it  was  assumed  that  the  transition  from  the  cross-section 
of  the  discharging  pipe  to  that  of  the  outlet  is  abrupt.  It  is  imperative  to  evaluate 
the  structural  behaviour  under  the  jet  impinging  forces.  The  vessel  chosen  for  this 
analysis  was  the  Sizewell  B  PWR  steel  vessel.  All  parameters  and  finite-element 
mesh  schemes  are  kept  the  same  as  in  Figure  4.1.  The  following  data  is  used: 

At  any  height/diameter  ration  {z/D  —  z/llil),  the  pressure  ration 
i?p'  =  p'  T/Pvj  is  computed,  where  p'  is  the  saturation  pressure  at  temperature 
T  and  P^  is  the  vessel  pressure:  z/D  =  0.85, 0.95,  1,  2,  3,  4,  5  and  10:  p'T/P^ 
ranges  between  0  and  1  and  there  is  a  total  of  20  times  steps  (?),  with  time 
interval;s  pf  0.24  s. 

The  jet  impinging  force  against  P'T/P„  for  failure  conditions  is  given  in 
Figs.  4.28  and  4.29 
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Fig.  4.26  Inlet  nozzle  inside  corner:  reactor  trip  from  full  power.  3DB:  Bangash:  M: 
Marshall^^^  (From  Bangash^ '') 


Fig.  4.27  Inlet  nozzle  inside  corner;  loss  of  power,  secondary  thermal  stresses.  3DB:  Bangash; 
M:  Marshall^ '"  (From  Bangash^ '') 
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Fig.  4.28  Inlet  nozzle  hoop  stress  plotted  through  the  wall  at  the  sections  shown.  Basic 
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Material 

Liner:  Oy  =  390  MPa 

Strain  rate  =  0.1/s 

Pressures  and  shock  front 

Detonation  strength  q/RTq  =  17  (base)  and  23  (mid-height) 

where  q  =  energy  release/unit  volume 

R=  gas  constant  =  8.31  kJ/l<g-mole  K 

70=  absolute  temperature 
Shock  front 
1/50=  shock  wave  velocity  =  2000  m/s 
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Fig.  4.35  Stress  histories  at  40%  of  the  cyhnder,  with  variation  of  steel  properities  included: 
(a)  inside  hoop  bars;  (b)  inside  vertical  bars;  (c)  seismic  diagonal  bars. 
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Table  4.3   Vessel  material  properties  and  parameters 


Proposed  parameters  for  Sizewell  B: 

Vessel  overall  height 

13660  mm 

Inside  diameter 

4394  mm 

Wall  thickness 

215mm 

opposite  core 

Wall  thickness  at  the 

500  mm 

flange 

Normal  clad  thickness 

6  mm 

Thickness  of  the  dome 

178  mm 

top 

Thickness  of  the  dome 

127  mm 

bottom 

Inside  diameter  of  inlet 

700  mm 

nozzle 

Inside  diameter  of 

737  mm 

outlet  nozzle 

Number  of  closure 

54  (each  1 466  mm  high) 

studs 

(nut  268x203) 
(washer  268x38) 

Diameter  of  closure 

1 73  mm 

studs 

Dry  weight  of  the 

434.8x10' Kg 

pressure  vessel 

Normal  operating 

15.98  MPa 

pressure 

Design  pressure 

17.13  MPa 

Initial  hydraulic 

21.43  MPa 

pressure 

Normal  operating  inlet 

288°C 

temperature 

Normal  operating 

327°C 

outlet  temperature 

Design  temperature 

343°C 

No  load  temperature 

292°C 

Design  life 

40  years  at  80%  load  factor 

E,  =  CxEx  10'  MPa 

C  varies  with  temperature 

(1)  Material  SA533B 

C  =  0.218,  Mn=  1.367,  Ni  =  0.547,  Mo  = 
P  =  0.009,8  =  0.014 

=  0.547,  Si  =  0.236,  Cr  =  0.074, 

(weight  per  cent) 

C  =  0.117 

(2)  Submerged  arc- 

C  =  0.16,Mn  =  2.20,Ni  =  0,Mo  =  0.6,Si  =  0.05,Cr  =  0, 1  =  0.025, 

welding 

S  =  0.035 

(electrode  wire 

C  =  0.15 

content) 

(3)    Mechanical 

Yield  stress  (N/mm^)  Ultimate  tensile 

Charpy  test  (minimum  value) 

properties 

stress  (N/mm^) 

(a)  SA533B  plates 

at     20"C   345      at     20°C   555 

at  400°C  280     at  400°C   520 

34  J  at  4.4°C  flanges,  shell 

(b)  SA508  forging 

at  400°C   280      at     20°C   555 

rings  and  nozzles  average  or 

at  400°C   430 

values  150,  138.  100, 

(c)  Weld  metal 

483                        593 

respectively 
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Table  4.3   (continued) 


(d)  Stresses  after 

irradiation 
unirradiated 

(e) Fracture 
toughness  of 
plates 

(f)  Bonding 
material 

(4)    Mechanical 
properties 

(a)    SA533B  plates 


(b)    SA508  forging 


(c) 
(d) 


(e) 


(f) 


Weld  metal 

Stresses  after 

288X 

irradiation 

unirradiated 

Fracture 

toughness  of 

plates 

Bonding 

material 


These  are  given  before  from  3(a)  to  3(c) 
Add  2%  of  the  above  values 


K^"  =  1 06  N/mm- Vm  =153 

Yield  =  900-1050  N/mm^;  ultimate  tensilsstess  =  1050  N/mm"; 

impact  energy  =  60.9-81.2  J 

Ultimate  tensile  stress 
(N/mm")  Charpy  test 


Yield  stress  (N/mm 

at      20°C     345 
at    400°C    280 


at    400X    280 
483 


(minimum  value) 

at     20°C  555  at    400°C  520 

34  J  at  4.4°C 

at     20°C   555  at  400'C  430 

flanges,  shell  or  rings  and 

nozzles 

593  average  values  150,  138, 

100,  respectively 


These  are  given  before  from  3(a)  to  (3c) 
Add  2%  of  the  above  values 


Kic=106N/mm^  Km=  153 

Yield  =  900-1050  N/mm^;  ultimate  tensile  stress  =  1050  N/mm;  impact 

energy  =  60.9-81.2  J 


4.5     Nuclear  Reactor:  Accident  Analysis  229 

Table  4.4   R6  method  of  fracture  assessment 
The  failure  assessment  diagram  for  the  R6  method  (courtesy  of  CEGB,  UK). 

1.2 
1.0 


0.8 


Kr  0.6 


0.4 


0.2 


assessment  line 

fill 

~ 

— - 

^ 
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-^ 
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\ 

0.2 


0.4 


0.6 


0.8 


1.0 


Figure  represents  K,—S,  diagram 

A-,  =  5,{4log,sec(f5,)}"'^' 


1.2 

(4.40) 
(4.41) 


K,  =  K^  /K\c 

where  A",,  is  a  measure  of  how  close  the  vessel  is  to  linear  clastic  failure  =  0.59  and  K\'  is  the 
stress  intensity  factor  due  to  a  stresses  and  is  given  by 

A:f  =  Yay'na  =  39.42  Mpay'm 

where  Y  =  magnification  factor  when  applying  unflaw  stresses  obtained  to  postulated 
flawed  vessel;  a  F  value  of  1.25  has  been  taken 
a  =  applied  stress 
a  =  crack  height 
Kic  =  fracture  toughness,  with  a  lower  hmit  of  170  MPa  y'm  at  288°C 
Defect  length   2C  parallel  to  component  surface 
Defect  depth       S   distance  between  nearest  edge  of  the  defect  and  component  surface 

(normal  distance) 
Defect  height    2a  distance  between  nearest  and  the  furthest  extremities  of  a  defect 
normal  of  the  surface  (buried  2a,  surface  breaking  a) 
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Fig.  4.36  Stress  histories  at  hte  dome  springline,  with  variation  of  steel  properties  included: 
(a)  inside  hoop  bars;  (b)  inside  vertical  bars;  (c)  seismic  diagonal  bars 
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Fig.  4.37  Strees  histories  10°  from  the  dome  apex,  with  variation  of  steel  properties  included: 
(a)  inside  hoop  bars;  (b)  inside  meridional  bars 
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Nozzles  and  pipe 

Pw  =  17.13  MPa;  initial  hydraulic  pressure  =  21.42  MPa  design 

Temperature:  327°  C 

Discharging  pipe  diameter:  133  mm  (120  Elements) 

Outside  nozzle  diameter:  737  mm  (390  Elements  20  noded) 

Inside  nozzle  diameter:  730  mm  (390  Elements  20  noded) 

Hydraulic  coefficient  of  resistance:  0.37  to  0.82 

Nozzle-structure  distance:  330  mm 


Finite  Element  Data 
400  elements  in  the 
cylindrical  part 
20  noded  isoparametric 
Elements 
351  dome  part 
mixiture  of  8-noded 
and  82  noded  elements 


0.6  0.9  1.2 

Pw(kN/m2)x10^ 


symbol 

ND 

z/D 

65 

0.5 

^   ^ 

50 

0.5 

RE. 

W        w 

25 

1.0 



10 

0.5 

Fig.  4.38  Measurements  for  jet  impingement  forces  on  a  flat  plate  due  to  the  discharge  of 
saturated  pressurized  water  from  circular  nozzles  of  different  diameters 


4.6  State-of-the-art  Software  for  3D  Fracture  Mechanics 
Simulation  (ZENCRACK) 

(Provided  by  R.  Chaiidwani,  Managing  Director  ZENTEC  Corp.  London). 
Zencrack  is  an  advanced  engineering  analysis  tool  for  3D  fracture  mechanics 
assessment  and  crack  growth  simulation.  The  program  uses  finite  element  analysis 
to  allow  calculation  of  fracture  mechanics  parameters  such  as  energy  release  rate 
and  stress  intensity  factors.  This  is  achieved  by  automatic  generation  of  focused 
cracked  meshes  from  uncracked  finite  element  modules.  A  general  mixed-mode 
crack  growth  capability  allows  non-planar  crack  growth  prediction  for  fatigue 
and  time-dependent  load  conditions  via  automated  adaptive  meshing  techniques. 


Overview 

Zencrack  provides  flexibility  with  two  levels  of  simulation  capability  - 
Standard  and  Professional. 

For  industries  where  static  loading  is  important  the  Standard  version  can  be 
used  to  evaluate  stress  intensity  factors  using  energy  release  rate  and  nodal 
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Fig.  4.39  J?J,  versus  _Fi(/) 

Table  4.5   Semi-elliptic  surface  breaking  floor  configuration:  sample  calculations 
For  0.1  <  a\lc  <  0.5  and  a/t<  0.8.  When  a/2c<  0.1  then  c/n-  =  a/t  (extended  crack). 
Therefore  the  Sr  value  is  given  by 

5,=  {l/a(I-f/u-)-}{[abc/4+a„,c(f/»')]}  +  [(abc/4+a„c(c/n-))-  +  a^,(l  -  c/u-)Y'"      (4.42) 

fl/f  13  if  <7  =  70  mm:  c  =  210  mm 

0.1  <  7/42  <  0.5  is  satisfied 

c/ii-  =  2acK/4t(2c  +  t)  =2(70)(210)7i/4(216)(420  +  216)  =  0.168 

obc=6n!/r  =  7.56/,MPa 
Withfl/f  J.  f7m(.=  171.5  MPa,  if  a  =  70mmandc/ii'  =  0.168  =  area  of  flaw/area  of  rectangle. 

5,.  =[7.56E/4+  175.5E6(0.168)]  +  [(7.56E6/4+  171.5E6(0.168)- 

+  (171.5)-(1  -  0.168)-|'^V440E6(1  -  0.168)- 
or  S,.  =  0.58 
and  iff  =  7cTmcV7ia=  1.25(171. 5E6)v'it(0.07)  =  100.53  MPa  v^m  (4.44) 

where  .S:,  =  K^IKic  =  100.53E6/170E6  =  0.59 
(Tbc  =  clastically  calculated  bending  stress  evaluatued  over  the  gross  section  containing  the  flaw 
"■mc  =  clastically  calculated  tensile  stress  evaluated  over  the  gross  section  containing  the  flaw 


(4.43) 
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Table  4.6   Failure  assessment  of  crack  heights  due  to  LOCA 
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Computed  data:  normal  operating  conditions,  belt-line  region  5,.  and  K,.  values  for  flaws 
normal  to  the  hoop  stress. 

Crack  height  Effective  ration 

a  (mm)  c/u' 

70  0.168 

90  0.234 

110  0.301 

130  0.371 

Normal  operating  conditions,  belt-line  region  S^  and  A",,  values  for  flaws  normal  to  hoop 
stress. 

Crack  height  Effective  ratio 

a  (mm)  c/u' 

70  0.168 

90  0.234 

110  0.301 

130  0.371 

150  0.440 

170  0.510 


Calculated  values 
5,-  K, 

0.58  0.59 

0.70  0.67 

0.86  0.74 

1.10  0.81 


Calculated  values 


5,- 

K, 

0.25 

0.23 

0.30 

0.26 

0.38 

0.29 

0.48 

0.32 

0.64 

0.34 

0.88 

0.36 
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displacement  methods.  For  thermal  transients,  the  instantaneous  stress  inten- 
sities may  be  evaluated  through  the  transient  to  steady  state  conditions.  Col- 
lapse analyses  may  be  undertaken  to  allow,  for  example,  generation  of  data  for 
failure  assessment  diagrams. 

The  second  level  of  capability  is  introduced  through  Zencrack  Professional 
and  provides  a  facihty  for  3D  non-planar  crack  growth  prediction  for  cases  of 
fatigue  and  time-dependent  loading.  This  includes  several  options  for  crack 
growth  data  definition  and  a  flexible  "load  system"  approach  for  defining 
complex  load  spectra. 


4.6.1  Application  Areas 

ZENCRACK  can  be  appUed  in  any  industry  in  which  knowledge  of  crack 
behaviour,  crack  growth  prediction  and  residual  life  calculation  are  important. 
Zencrack  is  relevant  in  many  situations,  e.g. 

•  Post-failure,  forensic  and  accident  investigations 

•  Parametric  studies  of  different  crack  sizes  in  a  component 

•  Leak  before  break  studies 

•  Design  of  experiments 

•  Repair  assessments 

•  Determination  of  inspection  periods 

•  Determination  of  residual  hfe 

•  Assessment  of  brittle-ductile  failure  using  failure  assessment  diagrams 

ZENCRACK  takes  an  uncracked  finite  element  mesh  and  inserts  one  or 
more  user-specified  cracks  before  submitting  the  model  for  analysis.  Results  are 
processed  automatically  and  the  mesh  updated  ready  for  the  next  finite  element 
analysis  of  the  advanced  crack  position. 


USER  INPUT 

An  existing  f.e.  mesh 

of  an  uncracl<ed 

component 


USER  INPUT 
Additional  data  e.g. 
cracl<  location,  size 
&  crack  growth  data 


ZENCRACK 

Creates  f.e.  mesh 

of  an  cracked 

component 


4.6     State-of-the-art  Software  for  3D  Fracture  Mechanics  Simulation  (ZENCRACK)     235 


4.6.2  Sample  Applications 

•  Roller  support  including  significant  mode  II  and  mode  III  effects  and  the  use 
of  crack  face  contact 

•  Crack  at  a  bolt  hole  in  an  engine  disk  including  temperate  effects. 
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4.6.3  F.E.  Interfaces 

By  interfacing  to  commercial  finite  element  codes  rather  than  using  a  proprie- 
tary finite  element  solution,  Zencrack  is  able  to  take  advantage  of  the  many 
man-years  of  development  within  these  codes  and  their  associated  pre  and  post- 
processors. 
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4.6.4  A  Typical  Crack  Growth  Analysis  Procedure 


km>l 
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hll 

^^^^^^/' '   '^1 

J 

A  typical  crack  growth  analysis  begins  with  a  geometry  model  created  in  the 
user's  pre-processor.  This  is  meshed  as  an  "uncracked  model"  in  preparation  for 
the  insertion  of  the  defect(s)  by  Zencrak.  The  insertion  of  the  initial  defect  results 
in  a  cracked  mesh  ready  for  analysis  in  the  interfaced  finite  element  code.  The 
analysis  results  are  extracted  for  a  fully  automatic  crack  growth  simulation  in 
which  re-meshing  technologies  allow  the  crack  to  be  advanced  through  the 
structure.  Typical  results  from  an  analysis  include  crack  growth  profiles  and 
plots  such  as  crack  growth  vs  load  cycles  and  stress  intensity  factor  vs  crack  size. 
Tliis  is  a  useful  method  also  when  the  vessel  cracks  under  LOCA. 


4.6.5  Meshing  Procedure 

The  generation  of  3D  finite  element  models  suitable  for  analysis  of  cracks 
requires  special  attention  in  and  around  the  crack  region  where  focused  rings 
of  hex  elements  are  used.  In  addition,  the  initial  crack  front  may  be  straight,  a 
simple  elliptic  section,  or  a  general  curve  in  space. 


To  address  these  issues,  Zencrack  removes  the  onus  of  modelling  the  crack 
region  from  the  analyst  and  requires  instead  that  an  uncracked  mesh  is  sup- 
phed.  A  "crack-block"  approach  is  then  used  to  introduce  one  or  more  crack 
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fronts  into  the  uncracked  mesh.  The  term  crack-block  refers  to  a  coUection  of 
brick  elements  stored  as  a  unit  cube.  The  arrangement  of  these  noded  brick 
elements  in  a  user-supplied  uncracked  mesh  by  crack-blocks.  During  the  map- 
ping process  to  introduce  the  crack-blocks  the  user  can  control  the  size  and 
shape  of  the  generated  crack-block.  Crack-blocks  can  be  connected  together  to 
form  distinct  crack  fronts  of  the  required  size  in  the  cracked  mesh. 


4.6.6  Adaptive  Re-meshing 

In  a  crack  growth  analysis  the  shape  of  the  crack  that  develops  is  a  function  of 
the  geometry,  loading  and  material  properties.  The  re-meshing  of  the  crack- 
blocks  and  if  necessary  the  modification  of  the  surrounding  mesh  that  takes 
places  automatically  to  allow  the  correct  crack  shape  development  in  the 
structure.  No  assumptions  are  forced  onto  the  developing  crack  shape  -  it  is  a 
consequence  of  the  structure,  loading  and  material.  Any  local  mixed  mode 
effects  arising  at  the  crack  front  are  embodied  in  the  stress  and  displacement 
solution  and  are  handled  during  the  growth  and  re-meshing  procedure. 


4.6.7  Load  Handling 

The  loading  requirements  in  a  fracture  mechanics  analysis  vary  considerably 
depending  upon  the  goal  of  the  analysis.  Some  possible  examples  include: 

•  Parametric  study  of  crack  sizes  to  determine  stress  intensity  factors 

•  Evaluation  of  j-integrals  at  multiple  load  increments  in  a  non-linear  analysis 


Chapter  5 

Concrete  Reactor  Pressure  Vessels 


This  chapter  attempts  to  review  the  state  of  the  art  of  methods  of  analysis  and 
design  of  the  concrete  reactor  pressure  vessels  and  their  components.  Existing 
vessels  have  been  examined  for  elastic,  inelastic  and  cracking  conditions.  The 
results  obtained  from  the  analysis  given  in  this  chapter  and  in  the  appendices  are 
well  collaborated  with  those  available  for  the  experimental  tests  on  models  and 
from  site  monitoring  of  similar  structures  of  vessels.  The  text  is  provided  with 
an  up-to-date  comprehensive  bibHography. 

5.1  Introduction 

The  state-of-the-art  review  of  the  prestressed  concrete  reactor  vessels  covers,  in 
this  chapter,  historical  development,  the  available  methods  of  analysis  and 
design  procedures  of  vessels  and  their  elements  such  as  concrete,  prestressing 
systems,  conventional  steel,  vessel  steel  Hner  and  anchorages  including  penetra- 
tion hners.  Each  section  is  presented  with  a  clear-cut  discussion  on  its  contents. 

Several  methods  of  analysis  and  design  are  described  in  detail.  The  author 
has,  for  the  first  time,  presented  detailed  analyses  based  on  Finite  Element  and 
Limit  State  concepts.  A  suite  of  computer  programs  has  been  developed  by  the 
author  to  evaluate  the  entire  operational  history,  the  inelastic  and  cracking 
conditions  and  the  safety  margins  of  the  concrete  vessels.  The  methods  have 
been  applied  to  existing  vessels  chosen  built  for  gas-cooled  reactors  at  Oldbury, 
Dungeness  B,  Hartlepool/Heysham  and  Fort  St.  Vrain.  The  results  obtained 
from  these  analyses  are  in  good  agreement  with  those  available  from  published 
data. 

The  analytical  and  design  tools  thus  available  in  this  text  have  made  it 
possible  to  investigate  fairly  accurately  the  safety  margins  of  other  vessels 
adopted  for  pressurised  water  reactors  (PWR),  boiling  water  reactors  (BWR) 
and  fast  breeder  reactors  (FBR). 

Nomenclature 

2/7/  internal  height 

Rj,  Re  internal  and  external  radii 
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Pq  internal  gas  pressure 

Pgb  boiler  gas  pressure 

Rp  standpipe  radius 

Rb  radius  of  boiler /circulator 

Hb  Height  of  boiler/circulator 

circumferential  strains  at  hinges 

total  cap  pressure 

distance  at  which  Pc  acts 

total  vertical  prestressing  load 

total  modified  vertical  prestressing  load 

distance  from  the  outside  face  of  the  vessel  to  Fy  or  F'v 

distance  from  the  centre  hne  of  the  vessel 

depths  of  compression  hinge  at  top,  bottom  and  at  equator 

concrete  stress  at  the  tendon  level  divided  by  Ec 

average  strain  at  the  level  of  the  tendon  at  ultimate  conditions 

neutral  axis  depth 

depth  of  the  section 

effective  prestressing  strain  after  losses 

V'''cu/5000 

concrete  stress  at  ultimate 

longitudinal  forces  in  tension  and  compression 

reinforcement 
total  force 
hner  force 
concrete  force 

average  breadth  {Re+Ri)  sin  0 
area  of  bonded  steel  in  compression 
yield  stress  of  bonded  steel 
angle  of  a  segment 
area  of  the  bonded  steel  in  tension 
area  of  the  liner 
yield  steel  of  the  liner 
unit  weight  of  concrete 
plastic  stress  and  strain 
stress  function 
constant  of  proportionality 
factor  in  plasticity  rule 
tangent  modulus 
coefficient  for  strain  hardening 
total  radial  compression 
radial  compression  =  Phr/ire^"'* 
strain  profile  at  a  particular  position 
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K'  strength  reduction  factor  from  wire/strand  bands  or  from 

the  circmnferential  tendons 

4.  crack  depth 

(Otin  oitb  crack  width  top  and  bottom 

X  typical  value  of  x,  or  x/, 

o:ii,i  longitudinal  crack 

(Ogi,  horizontal  crack 

cUc  cap  rotation  factor 

(5_  deflection  of  cap  at  the  yield  zone 

«i  «2  concrete  block  parameters 

j8  measure  of  a  distance 

a,  tangential  stress 

Q  shear  force 

A^  axial  load 

xjiz  uniform  or  parabolic  shear  stress 

$'  angle  of  frictional  resistance  for  concrete 

C  apparent  cohesion  for  concrete 

Xi,  ^2  dimension  on  a  cap  plug 

5  terms  for  the  uniform  or  parabohc  shear  stress 

Epp  Strain  due  to  rigid  plastic  rotation  of  the  barrel  wall 

Ecpv  strain  due  to  rigid  plastic  rotation  of  the  cap 

Eo,  Es  Young's  moduh  for  concrete  and  steel 

Epu  strain  of  tendons  or  band  in  the  circumferential  direction 

A^.  area  of  concrete 

Asp  area  of  prestressing  steel 

6  displacement  in  a  respective  direction 
Z  position  of  a  hinge  from  equator 

-^1,  K2,  Kt,  coefficients 

P,,!,  P,y2  total  pressure  on  various  zones  of  the  barrel  wall 

Mht,  ^hr,  Me     moments  at  top,  bottom  and  equatorial  hinges 

Ahp  area  of  circumferential  prestressing  tendons  or  bends 

«/,  number  of  boilers/circulators 

m^  a  plastic  moment  per  unit  length  of  the  radial  yield  hne 

Pfjip  pressure  due  to  circumferential  tendons 

H'  slope  of  the  effective  plastic  stress 

n  series  of  values  or  nth  term 

Dp  plasticity  matrix 

(T,„  initial  stress 

a^_p  clasto-plastic  stage 

(TxoT  total  stress 

y  yield 

{\j/}  residual  force  vector 

a  alpha-constant  used  for  acceleration 

A  acceleration  factor 

[7^']  transformation  matrix 
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^CU 

ultimate  or  critical  strain 

cr„.,  £,.,, 

stress  and  strain  normal  to  the  closed  crack 

T 

shear    stress 

T,.,, 

shear  stress  on  crack  interface 

if 

transfer  stress 

F 

transfer  force 

^e«, 

plastic  strain  in  steel 

AbP 

plastic  strain  increment 

X,  Y,  Z 

global  co-ordinates 

Pi 

shape  function 

^,  n,  C 

local  system  co-ordinates 

x„,  y„,  z„ 

nodal  co-ordinates 

J 

Jacobian 

11,  V,  w 

displacements 

a„ 

polynomial  coefficients 

[c] 

matrix  relating  a„  and  ii 

det  [/] 

determinant  of  a  Jacobian 

£ 

strain  at  any  point 

[B,] 

matrix  relating  strains  and  displacements 

a 

stress 

b 

generalized  displacement 

b* 

virtual  displacements 

\.^nk}\ 

material  compliance  tensor 

w. 

external  work  done 

u 

internal  energy 

m 

stiffness  matrix 

{F} 

nodal  forces 

{f;} 

nodal  forces  at  elastoplastic  stages 

f 

body  forces  and  any  other  loads 

{g^,n} 

vector  containing  the  values  of  the  body  load  at  nodal  pints 

in  a  given  direction 

Ri 

residual  load 

Lf 

loading  function 

Sh 

the  yield  of  work  hardening  function 

5.2  Historical  Development,  Existing  Analyses  and  Scope 
of  Research 

5.2.1  General 

The  use  of  nuclear  energy  in  the  production  of  electrical  power  involves  sub- 
stantial structural  systems  comprised  of  pressure  vessels  that  house  the  reactor. 
Most  of  the  hght  water  (LWR)  and  pressurised  water  reactors  (PWR)  in 
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operation  at  present  are  sheltered  by  two  major  structural  units:  the  primary 
container  which  is  a  steel  pressure  vessel  for  holding  the  coolant  systems 
pressure  and  a  secondary  container  providing  a  second  protective  shield.  An 
alternative  to  the  use  of  hquid  coolants  is  a  pressurised  gas  system.  The  coolant 
in  this  case  is  either  carbon  dioxide  or  helium.  The  current  British  and  French 
reactors,  using  these  coolants,  are  called  advanced  gas-cooled  reactors  (AGR) 
and  high-temperature  gas-cooled  reactors  (HTR  or  HTGCR).  Efficient  opera- 
tion of  these  nuclear  power  plants  requires  a  large  electrical  output.  This 
requirement  calls  for  a  large  nuclear  core  space  and  much  larger  primary 
pressure  vessels  and  supporting  structures  of  sizeable  dimensions.  The  inherent 
difficulties  that  would  be  involved  in  the  fabrication  and  transportation  of  the 
pressure  vessel  steel  units  of  the  size  necessary  for  such  a  reactor  have  led  to  the 
need  for  a  more  versatile  type  of  structure.  The  vessel  must,  undoubtedly,  be 
built  on  site  and  meet  the  serviceability  and  safety  requirements.  The  solution 
adopted  has  been  the  use  of  prestressed  concrete  reactor  vessels  (PCRV). 

One  incentive  for  adopting  PCRV  is  the  economic  advantages  to  be 
expected.  These  advantages  arise,  for  example,  from 

(a)  the  ability  to  contain  large  reactors  with  high  pressures  and  temperatures; 

(b)  simpHfication  of  plant  layout; 

(c)  the  fact  that  a  highly  developed  steel  fabrication  industry  is  not  necessary. 

Attractive  features  from  a  safety  point  of  view  include 

(a)  physical  isolation  of  the  steel  prestressing  tendons  and  reinforcement  from 
sources  of  heat  and  radiation  and  from  the  primary  coolant; 

(b)  the  high  degree  of  redundancy  in  the  prestressing  systems. 

The  shapes  used,  so  far,  for  PCRVs  have  varied  from  a  cylinder  bounded  by 
two  inverted,  non-prestressed,  hemispherical  domes,  torospherical  domes  to 
spherical  shells.  The  current  trend  in  PCRV  configuration  is  the  use  of 
thick-walled  cylinders,  the  ends  of  which  are  closed  by  flat  slabs  known  as 
caps.  The  boilers  and  circulators  are  either  housed  within  the  main  cavity  or 
within  the  thickness  of  the  walls;  the  latter  is  known  as  a  multi-cavity-type 
vessel.  This  study  is  concerned  with  such  vessels  also  apart  from  other  shapes. 

The  first  appUcation  of  prestressed  concrete  as  a  reactor  vessel  was  in  the 
Marcoule  G-2  and  G-3  installations  in  France.  These  are  horizontally  placed 
concrete  cyUnders  with  concave  domes  as  caps.  The  vessel  main  cyHnder  is 
wrapped  with  prestressing  cables  describing  an  arc  of  2700  which  are  finally 
anchored  to  prestressed  concrete  foundations  under  the  vessel.  The  domes  are 
not  prestressed,  resulting  in  a  substantial  loss  of  vessel  volume.  The  standpipe 
and  the  control  rod  areas  are  badly  situated  for  the  charge  machine.  The  French 
have  recognised  these  limitations  of  the  Marcoule  vessels.  However,  in  the 
meantime  the  requirements  for  high-quality  steel  and  more  rigorous  inspections 
for  both  British  and  French  reactor  vessels  have  reawakened  interest  in  concrete 
vessels.  Consequently,  in  planning  the  construction  of  the  EDF-3  reactor,  the 
French  designers  decided  to  re-examine  the  application  of  prestressed  concrete 
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to  reactor  vessels.  The  design  selected  provides  a  vessel  with  a  cylindrical  shape 
and  with  prestressing  cables  placed  in  layers  parallel  and  perpendicular  to  the 
long  axis  of  the  vessel.  Supplemental  prestressing  steel  is  also  provided  at  the 
corners  where  the  stress  concentrations  are  high. 

The  British  interest  in  concrete  pressure  vessels  began  with  some  experimen- 
tal work  done  by  the  then  General  Electric  Company  and  the  Simon-Carves 
group  on  cylindrical  vessels  prestressed  circumferentially  by  wire  winding. 
Based  on  these  tests  and  other  tests  carried  out  by  the  then  United  Kingdom 
Atomic  Energy  Authority  (UKAEA),  Waters  and  Barrett  [1]  pubUshed  design 
studies  for  cylindrical  and  spherical  vessels  containing  advanced  gas-cooled 
reactors.  They  carried  out  a  comparative  study  of  steel  and  concrete  pressure 
vessels  and  concluded  that  there  were  significant  economic  and  technical  attrac- 
tions to  adopting  such  vessels.  They  then  presented  a  detailed  design  philosophy 
in  which  particular  attention  was  paid  to  the  short-  and  long-term  effects  of 
tendon  loads  on  concrete,  the  premature  failure  of  the  hner  and  the  optimum 
choice  of  the  conventional  reinforcement  as  an  anti-crack  steel.  Apart  from 
highhghting  design  and  constructional  problems,  they  suggested  a  list  of 
research  programmes.  At  a  time  when  no  suitable  code  of  practice  and  no 
completely  reliable  mathematical  tools  existed  for  analysing  and  designing 
such  structures,  their  recommendations  prompted  many  UK  firms  with  inter- 
ests in  nuclear  technology  to  carry  out  research  and  development  in  this  field. 
The  first  order  placed  by  the  then  Central  Electricity  Generating  Board  (CEGB) 
was  for  the  Oldbury  Power  Station.  The  then  Nuclear  Power  Group  (TNPG) 
proposed  a  vessel  design  that  was  a  hybrid  of  the  French  Marcoule  and  EDF-3 
concepts.  The  vessel  is  of  cyhndrical  shape  with  flat  top  and  bottom  caps,  and  it 
utilises  alternate  layers  of  helical  cables  which  wrap  the  vessel  in  reverse  direc- 
tions. These  cables  are  anchored  in  groups  in  specially  provided  top  and  bottom 
galleries.  Both  longitudinal  and  lateral  prestressing  loads  are  produced  from 
this  single  prestressing  system. 

By  the  time  of  completion  of  this  vessel  a  great  deal  of  knowledge  had  been 
gained  from  both  the  British  and  the  French  experience  in  this  field.  Another 
concept  was  under  consideration  at  the  CEGB,  namely  a  spherical  vessel  con- 
taining the  entire  reactor  internals.  Owing  to  immediate  requirements  for  more 
electrical  output,  the  then  CEGB  gave  the  go-ahead  to  a  group  member  of  the 
British  Nuclear  Design  Company  to  design  and  construct  such  a  vessel  for  the 
Wylfa  power  plant.  This  vessel  has  a  spherical  inner  surface  and  the  prestressing 
is  provided  by  a  six-sided  polyhedron  made  up  of  cables  anchored  to  buttresses 
along  the  vessel  circumference.  Each  tendon  is  laid  perpendicular  to  the  pre- 
ceding one.  Since  the  prestressing  tendons  in  the  Wylfa  Nuclear  Power  Station 
are  nearly  straight,  the  possibiUty  of  large  frictional  effects  is  remote.  The 
prestressing  loads  are  uniform  and  this  is  partly  due  to  its  spherical  shape. 
Compared  with  cylindrical  vessels,  the  Wylfa  spherical  vessel  effectively  utilises 
the  entire  prestressing  system,  and  the  peak  stressing  is  considerably  less. 

In  the  meantime,  a  number  of  variations  on  the  French  EDF-4  (now  Bugey) 
reactor  were  under  consideration.  It  was  decided  to  have  a  vertical  cylindrical 


5     Concrete  Reactor  Pressure  Vessels  245 

pressure  envelope  divided  into  two  chambers:  the  upper  one  supports  the 
reactor  core  while  the  lower  one  contains  the  boilers  or  heat  exchangers. 
These  affect  the  size  of  the  internal  cavity  and  the  prestressing  system.  Complete 
data  for  these  vessels  were  published  by  Marsh  and  Melese  based  on  detailed 
Uterature  surveys  and  the  preliminary  designs  carried  out  by  the  Frankhne 
Institute. 

Both  the  Frankline  Institute  [2]  and  the  Oak  Ridge  Laboratory  [2]  in  the 
USA  made  a  start  on  the  research  and  development  required  for  the  Fort  St. 
Vram  high-temperature  gas-cooled  reactor.  The  choice  was  made  of  a  cyhnder 
with  flat  top  and  bottom  caps.  Both  in  the  wall  and  in  the  cap  the  prestressing 
was  by  means  of  cables  of  variable  curvature. 

In  the  meantime,  in  the  UK  a  great  deal  of  experience  was  gained  from  the 
Oldbury  and  Wylfa  vessels.  Problems  associated  with  the  plant  layout  and  the 
construction  of  the  Wylfa  vessel  were  such  that  the  British  designers  had  to 
rethink  the  use  of  cyhndrical  vessels.  The  then  CEGB  finally  approved  the 
cyUndrical  vessel  of  the  Dungeness  B  Power  Station  using  large  tendons  in  the 
vertical  and  in  the  circumferential  directions.  The  circumferential  tendons  are 
anchored  on  specially  formed  buttresses.  This  time,  using  a  minimum  number 
of  large  tendons,  a  greater  concentration  of  forces  has  been  achieved  for  the 
limited  available  space  in  the  vessel. 

However,  the  Oldbury  contractors  carried  out  optimisation  studies  on  the 
UK  Hinkley  B  and  Hunterston  B  power  stations.  Shght  changes  in  the  vessel 
parameters  were  inevitable.  This  time  true  helices  were  adopted  for  the  pre- 
stressing tendons  rather  than  the  'barrehsed'  type  adopted  for  the  Oldbury 
vessel. 

At  this  stage,  the  concept  of  multi-cavity  vessels  was  under  active  considera- 
tion. Boilers  and  circulators  occupied  a  large  space  within  the  main  cavity.  The 
dimensions  of  the  main  cavity  were  reduced  by  sheltering  the  boilers  and 
circulators  within  the  thickness  of  the  wall.  Burrow  of  Taylor  Woodrow  con- 
struction Ltd.  reported  on  providing  the  wire-winding  system  for  the  circum- 
ferential_prestressing  loads  on  the  vessel,  thus  leaving  the  main  vessel  thick- 
nesses for  the  large  capacity  longitudinal  tendons  only.  Such  a  vessel  was 
accepted  for  the  AGR  system  adopted  for  both  the  Hartlepool  and  Heysham 
power  stations.  In  the  last  few  years  substantial  progress  has  been  made  in  the 
development  of  such  vessels  and  much  experimental  data  have  been  produced 
from  both  model  tests  and  on-the-spot  measurement  of  the  prototype  vessel. 


5.2.2  Problems  Associated  with  Vessels 

Although  the  multi-cavity  vessel  has  much  to  offer,  it  is  by  no  means  an  easy 
structure  to  model.  Many  designers  and  structural  analysts  have  tried  to  tackle 
the  various  problems  associated  with  these  structures.  In  many  cases  they  have 
claimed  some  achievements  but  for  some  reason  they  have  not  made  them 
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public.  However,  most  are  united  on  tlie  design  criteria  for  sucli  vessels  and 
these  are 

(a)  the  vessel  should  be  designed  for  elastic  response  to  all  possible  combina- 
tions of  loads  during  operation; 

(b)  it  must  show  a  progressive  mode  of  failure  under  increasing  gas  pressures 
with  large  deformation  to  warn  against  impending  failure;  and 

(c)  the  vessel  must  have  an  acceptable  safety  margin  against  failure. 

In  order  to  meet  the  above  criteria  satisfactorily,  one  has  to  first  vahdate  the 
performance  of  the  individual  components  forming  such  structures.  The  major 
components  are 

(a)  concrete, 

(b)  prestressing  tendons, 

(c)  the  liner  and  other  penetrations,  and 

(d)  bonded  primary  and  secondary  reinforcements  or  conventional  steel. 

The  problems  associated  with  each  one  of  these  are  enormous.  For  example, 
a  certain  amount  of  evidence  must  be  available  to  demonstrate  that  for  short- 
and  long-term  loadings  (under  multiaxial  compressive  stresses)  concrete  can 
safely  withstand  higher  compressive  stresses  than  are  generally  acceptable 
under  uniaxial  loading.  For  all  service  load  conditions,  including  startup  and 
shutdown,  both  initially  and  at  the  end  of  the  vessel's  hfe,  the  stress-strain 
characteristics  for  the  concrete  should  take  account  of  the  age,  temperature  and 
time  under  load.  It  is  also  considered  that  limited  cracking  may  be  accepted 
provided  due  regard  is  paid  to  any  significant  redistribution  of  the  stresses 
which  may  arise,  due  to  lack  of  integrity  and  leak  tightness  of  the  hner.  Where 
local  concentrations  of  stress  occur,  due  to  the  presence  of  embedments  or  other 
discontinuities  in  the  vessel  geometry,  these  should  be  assessed  individually.  In 
such  cases,  due  regard  should  be  paid  to  the  effects  of  increased  creep  rates  or 
tensile  cracking  on  the  distribution  of  stresses  in  the  vessel  concrete  and  the 
influence  which  they  may  have  on  the  strains  in  the  vessel  hner. 

Stresses,  strains,  deflections  and  cracking  in  the  vessel  should  be  analysed  for 
all  relevant  combinations  of  mechanical  and  thermal  loads  which  can  arise 
under  normal  service  and  ultimate  conditions.  In  such  cases  the  prestressing 
forces  play  a  great  part.  The  tendon  forces  adopted  in  each  analysis  should 
include  allowances  for  the  most  severe  effects  of  friction  and  loss  of  prestress.  A 
proper  method  of  analysis  together  with  short-  and  long-term  experimental 
tests  is  required  to  design  tendon  systems  for  cyclic  loads  produced  by  gas 
pressures.  These  requirements  are  translated  in  terms  of  range  of  stress  or  strain 
cycles  in  the  steel  liner,  the  concrete  or  the  other  components  in  the  nuclear 
islands.  Beyond  the  elastic  range,  the  method  of  assessing  the  ultimate  beha- 
viour of  prestressing  tendons  and  their  anchorages  is  very  important  for  pre- 
dicting a  safety  margin  for  the  vessel.  This,  of  course,  depends  on  the  time  at 
which  the  incident  occurs  to  the  vessel  and  the  rate  of  increased  gas  pressure  and 
whether  or  not  the  tendons  are  grouted. 
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The  liner  undoubtedly  represents  a  vital  safety  element  of  the  vessel.  Indeed, 
it  serves  the  fundamental  purpose  of  forming  an  impervious  barrier  to  the 
coohng  gas.  The  reactor's  operabihty  depends  on  its  integrity.  The  vessel  wiU 
collapse,  not  at  the  ultimate  collapse  pressure  coincident  with  the  failure  of  the 
prestressing  tendons  but  at  the  liner  failure  pressure  which  might  be  lower.  This 
would  require  knowledge  of  the  topology  and  magnitude  of  the  cracking  on  the 
internal  face  of  the  concrete  in  contact  with  the  hner.  It  would  be  necessary, 
therefore,  to  have  a  clear  idea  of  the  cracking  mode  of  the  vessel  for  increasing 
pressures  up  to  the  coUapse  pressure.  Moreover,  the  hner  integrity  is  also 
dependent  upon  the  performance  of  the  liner  anchorages  and  cooling  pipes, 
buckling  stability  and  fatigue  in  general  areas,  the  insulation  and  temperature 
distribution. 

The  choice  and  the  distribution  of  the  conventional  bonded  steel  reinforce- 
ment in  the  vessel  main  areas  and  around  the  penetrations  are  extremely 
important  should  initial  cracking  occur  due  to  moisture  migration  and  unpre- 
dictable shrinkage  and  creep  in  concrete.  The  bonded  steel  reinforcement  is 
needed  in  areas  where  extreme  stresses  under  serviceability  conditions  cannot  be 
avoided.  Above  all,  the  progressive  failure  of  vessels  depends  on  the  amount 
and  the  distribution  of  such  reinforcements. 

Now  turning  to  the  vessel  behaviour  under  extreme  loads,  it  is  necessary  to 
provide  some  means  of  limiting  the  effect  on  the  vessel  of  an  excessive  rise  in 
internal  operating  pressure.  The  magnitude  and  rate  of  a  postulated  pressure  rise 
can  be  determined  only  by  reference  to  the  characteristics  of  the  particular  reactor 
contained.  It  is  common  practice  to  provide  automatic  venting  devices,  such  as 
safety  valves,  for  this  purpose.  An  alternative  is  to  design  the  vessel  so  that  it  is 
self-venting  by  partial  structural  failure.  It  is  generally  recognised  that  this  alter- 
native cannot  be  relied  upon  at  the  present  method  of  design/construction. 

It  is  customary  and  advantageous  to  make  provision  to  verify  the  state  of  the 
vessel.  This  may  be  done  by  installed  instrumentation  and/or  by  periodic  in- 
service  inspection.  Such  measures,  which  are  taken  in  a  manner  appropriate  to 
the  particular  situation,  serve  to  verify  the  vessel  integrity  and  to  confirm  the 
design  criteria.  However,  this  does  not  rule  out  the  main  problem  of  numerically 
assessing  such  design  criteria.  Under  any  circumstances  the  design  philosophy  is 
based  on  the  recognition  of  two  or  more  modes  in  the  vessel  response  to 
increasing  pressure,  and  this  cannot  be  met  by  simple  experimental  models. 

The  design  objective  is  to  ensure  that  a  particular  response  to  the  imposed 
load  can  be  achieved  in  each  mode  and  that  this  behaviour  is  consistent  with  the 
appropriate  operational  and  predetermined  fault  conditions. 

Over  a  range  of  pressures  and  temperatures,  including  normal  operating 
conditions,  the  vessel  will  respond  to  short-term  variations  in  pressure  in  an 
elastic  manner.  This  facihtates  machine  analysis  of  stress  and  strain  in  the 
vessel.  Long-term  stresses  and  strains  are  affected  by  shrinkage  and  creep  of 
the  concrete,  relaxation  of  tendons  and  possibly  fatigue.  In  this  range  of 
response  the  effects  of  short-  and  long-term  behaviour  can  be  combined  to 
demonstrate  that  stresses  and  strains  are  limited  to  acceptable  values. 
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Beyond  the  elastic  range  the  response  becomes  increasingly  inelastic  and 
nonhnear.  The  vessel  would  not  be  expected  to  enter  this  phase  except  under  the 
most  severe  overpressure  fault  conditions.  In  this  phase  the  vessel  is  stable  but 
may  experience  permanent  damage.  It  is  in  this  phase  of  vessel  response  that 
some  limit  states  occur. 

The  ultimate  load  condition,  in  which  the  vessel  is  incapable  of  sustaining 
any  further  increase  of  internal  pressure,  is  a  further  limit  state.  Evaluation  of 
the  ultimate  load  provides  a  measure  of  the  factor  of  safety  above  design 
conditions. 


5.2.3   Vessel  Layouts  and  Finite  Element  Mesh  Schemes 

Typical  layouts  of  the  Dungeness  B,  Oldbury  and  HTGCR  vessels  are  given  in 
Figs.  5.1,  5.2  and  5.3,  respectively.  Figures  5.4,  5.5,  5.6  and  5.7  show  the  finite 
element  mesh  layout  of  the  Dungeness  B,  Oldbury,  Hartlepool  and  HTGCR 
vessels,  respectively. 

The  mesh  layouts  take  into  consideration  the  vessel  penetrations,  prestres- 
sing  configurations  and  other  features  such  as  the  existence  of  buttresses, 
galleries  and  the  liner  plugs  and  cooling  pipes. 


5.2.4  Design  Analysis 

The  objective  of  this  analysis  is  to  demonstrate  that  reactor  vessels  will  meet 
both  the  serviceabihty  and  ultimate  limit  state  conditions,  taking  into  consid- 
eration the  gas  increasing  pressure. 


5.2.4.1  Service  Conditions 

Under  service  conditions  it  is  important  to  know  the  technique  and  precision 
with  which  the  vessel  geometry  can  be  reproduced  by  analytical  means.  A 
number  of  key  loading  cases  are  given  below. 

(a)  Initial  prestressing  loads:  Analysis  includes  losses  due  to  friction  and  elastic 
shortening  and  creep;  this  is  to  see  that  no  abnormal  stresses  develop  in  the 
vessel  concrete. 

(b)  Proof  test:  In  this  analysis  the  vessel  is  tested  at  the  commissioning  stage  for 
changes  in  strains  and  deflection  due  to  proof  pressure  loading. 

(c)  Normal  operating  conditions:  This  is  intended  to  observe  the  vessel  operat- 
ing normally  under  extreme  loads  caused  by  the  combination  of  prestress, 
design  pressure  and  temperature  gradient  together  with  the  effects  of  applic- 
able environmental  loadings.  This  can  be  at  an  early-hfe  or  late-life  operat- 
ing condition. 
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Fig.  5.1  Dungeness  B  vessel  prestressing  layout  (plan) 
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(d)  Start-up  and  shut-down  conditions:  Tliese  are  transient  and  quasi-transient 
conditions  normally  imposed  on  the  steady  conditions  of  normal  operation. 
Together  they  reproduce  the  extremes  of  the  early-life  shut-down/start-up 
cycle.  The  late-life  conditions  are  also  examined  by  changing  the  material 
properties  and  temperature  transient  conditions. 

(e)  Deviations  from  operating  conditions:  A  number  of  inaccuracies  arise  from 
the  simple  treatment  of  loading  cases;  these  mainly  concern  the  effect  of 
concrete  creep  on  stresses,  unloading  and  cooling  effects  on  the  vessel  and 
the  aUowance  for  low-probabihty  loadings  arising  from  accident  or  fault 
conditions.  Analyses  are  required  of  these  uncertainties. 
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Fig.  5.2  (a)  Principal  prestressing  systems  (patented)  (Note:  All  dimensions  in  imperial  units;  1 
ft  =  0.3048  m,.  1  in.  =  25.4  mm),  (b)  Model  for  Oldbury  nuclear  power  station  -  layout  of 
prestressing  cables  and  cable  profiles  (Note:  All  dimensions  in  imperial  units;  1  f t  =  0.3048  m, 
1  in.  =  25.4  mm) 
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Fig.  5.3  Vertical  and  circumferential  prestressing  precast  channels 


5.3  Ultimate  Conditions 

A  validity  analysis  is  required  to  check  the  mode  of  failure  assumed  or  calcu- 
lated or  derived  from  the  experimental  tests.  This  analysis  should  cover  cases 
such  as  the  intact  and  ruptured  hner,  failure  of  local  areas,  the  possibihty  of 
shear  failure  in  top  caps  or  at  cavity /wall  ligaments  and  cracks  in  hot  spots 
(areas  around  cooling  pipes). 


5.4  Methods  of  Analysis 

Many  methods  are  available  to  designers.  The  most  common  [3-7]  are  based  on 
the  finite  element,  finite  difference  or  dynamic  relaxation,  lumped  parameter 
and  limit  state  methods.  This  book  gives  earher  the  step-by-step  approach  of  the 
finite  element  method.  In  some  service  and  fault  conditions  it  is  necessary  to 
consider  the  influence  of  external  hazards  and  environmental  conditions.  Major 
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no.  of  nodes  =  2500 
no.  of  elements  =  850 


Fig.  5.4  Finite  element  idealisation  of  Dungeness  B  vessel  (Note:  For  clarity  certain  nodes  are 
not  shown) 


external  hazards  are  seismic  disturbances,  wind,  missiles  and  aircraft  crashes. 
These  hazards  are  considered  for  the  case  of  containment  vessels. 


5.5  Model  Testing 

The  purpose  of  a  model  test  is  to  verify  the  methods  of  analysis  and  to  provide  a 
visible  physical  demonstration  of  the  adequacy  of  the  design  requirements.  As 
described  earlier,  model  tests  have  been  carried  out  to  verify  the  service  and 
ultimate  state  behaviour  of  vessels  and  to  assess  prestressing,  reinforcement  and 
liner  requirements.  The  scale  chosen  for  a  specific  model  depends  on  the 
objective  of  the  test  and  on  the  reduction  in  size  of  important  vessel  compo- 
nents. For  a  complete  vessel  a  suitable  scale  varies  from  1:25  to  1:  10,  and  scales 
of  1:25  and  1:50  have  been  used  for  the  investigation  of  the  top  slab  behaviour. 
A  large  number  of  models  for  shear  modes  of  failure  have  been  tested  with 
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Fig.  5.6  (a)  Prestressed  concrete  cylindrical  multi-cavity  reactor  vessel,  HTR,  Section  with 
tendous  and  precast  channels.  Prepared  by  Bangash  for  3D  Analysis  Based  on  Finite  Element 
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Fig.  5.7  Prestressed  concrete  cylindrical  2D  finite  element  pressure  vessel 


varying  geometries,  materials,  prestressing  loads,  reinforcement  and  penetra- 
tions. Some  pneumatic  tests  have  been  carried  out  using  gas  as  the  pressurising 
medium.  Most  of  these  tests  produced  progressive  failures  with  sufficient  means 
available  for  detecting  the  elastic  limit,  the  onset  of  cracking  and  the  failure 
mode.  Many  individual  tests  have  been  carried  out  to  assess  the  integrity  of  the 
liners,  penetrations,  closures  and  thermal  protection  systems.  The  finite  element 
analysis  and  constitutive  model  discussed  earlier  are  apphed  to  vaUdate  the 
proposed  analysis. 
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5.6  Analysis  of  Results 

(a)  Dungeness  B  vessel:  Figures  5.8  and  5.9  show  gas  pressure  versus  vessel 
deflection  for  the  top  cap.  Here  only  12  increments  of  pressure  are  plotted. 
For  various  pressures  the  trend  in  the  incremental  deflection  is  fairly  regular 
and  no  abrupt  change  in  the  deflections  between  any  two  increments  has 
been  found.  Finite  element  analysis  using  three  concrete  numerical  models, 
namely  the  four-parameter,  hypoelastic  and  endochronic  models,  has  been 
carried  out.  Simultaneously  the  model  has  been  analysed.  Figure  5.10  shows 
the  pressure-deflection  relation  for  two  areas  of  the  barrel  wall. 

The  experimental  tests  have  been  carried  out  on  two  pressure  vessel  models, 
namely  that  of  Dungeness  B  and  Oldbury,  both  cyhndrical  with  top  and  bottom 
flat  caps,  with  different  prestressing  systems,  indicate  different  modes  of  failure. 
These  will  be  the  reference  models  of  the  limit  state  analysis  which  has  been 
developed  in  the  text  and  which  will  be  finally  provided  by  using  3D  hybrid 
finite  element  analysis  under  increasing  gas  load  pressure.  The  Oldbury  will  be 
given  a  detailed  assessment  later  on  in  the  text. 

Most  of  the  other  ultimate  load  analyses  of  cyhndrical  PCRV  follow  general 
procedure  as  commented  earher. 
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Fig.  5.8  Deflection  versus  pressure:  4.14-8.28  MN/m 
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Fig.  5.9  Deflection  versus  pressure:  4.14-8.28  MN/m^ 


The  reported  ultimate  load  analysis  for  Oldbury  and  Dungeness  B  vessels 
considers  each  vessel  to  be  initially  broken  up  into  an  open-ended  cylinder  and 
two  end  caps.  The  mechanisms  of  these  initial  break-ups,  however,  appear  to  be 
in  disagreement  with  each  other.  For  the  Oldbury  analysis,  the  cap  was  sepa- 
rated from  the  barrel  wall  by  a  plastic  hinge  at  the  junction  of  the  cap  and  barrel 
(see  Fig.  5. 1 1).  A  shear-compression  failure  mechanism,  on  the  other  hand,  was 
adopted  for  the  Dungeness  B  analysis  (see  Fig.  5.12).  Of  even  greater  disparity 
between  the  two  analyses  were  the  mechanisms  and  modes  of  failure  experiment 
adopted  to  predict  the  ultimate  pressure  or  to  prove  that  the  ultimate  load 
factor  was  higher  than  the  adopted  factors  for  the  cap  and  the  barrel.  For  the 
barrel  wall,  the  Oldbury  analysis  apparently  favoured  the  modes  of  failure 
through  the  formation  of  a  plastic  hinge  at  the  mid-height  of  the  barrel.  This 
mode  of  failure  has  aroused  considerable  criticism.  In  particular,  the  mode  of 
failure  was  pointed  out  by  Morice  [8]  to  be  kinematically  incompatible  in  a  3D 
vessel  without  extensive  cracking.  It  is  probably  valid  to  assume  that  with 
extensive  radial  cracking  along  the  barrel  wall,  the  barrel  wall  would  be  divided 
into  strips  of  equivalent  prestressed  concrete  beams  positioned  in  a  cyhndrical 
array  by  the  circumferential  prestressing  or  equivalent  hooping  cables.  Under 
such  a  condition,  assuming  that  the  liner  remained  intact  (a  hypothetical 
assumption  commonly  used  for  convenience  of  analysis),  the  pressure  force 
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Fig.  5.10  Deflected  shape  - 
sides  of  model,  ultimate 
condition 
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Fig.  5.12  Dungeness  POPV 
mode  of  failure  (with 
complements  of  the  Atomic 
Power  Construction  and  the 
authors  listed) 


Shear 

compression 

failure 


would  be  entirely  resisted  by  the  prestressing  system.  The  approach  adopted  in 
such  a  case  is  to  consider  the  ultimate  load  analysis  of  the  barrel  on  the  basis  of 
the  rupturing  strength  of  the  tendons.  The  ultimate  load  analysis  for  the  barrel 
of  Dungeness  B  in  fact  adopted  a  similar  approach  with  the  exception  that  the 
membrane  action  of  the  wall  of  the  barrel  was  taken  into  account.  The  tensile 
strength  of  the  membrane  and  tendons,  with  due  allowance  for  tendon  effi- 
ciency, was  checked  in  the  analysis  to  be  greater  than  the  circumferential  force 
associated  with  an  internal  pressure  2.5  times  the  design  pressure. 

Zudans  and  Tan  [9]  similarly  used  the  simpler  ultimate  load  analysis  by 
assessing  the  ultimate  strength  of  the  cylinder  solely  on  the  strength  of  the 
prestressing  tendons  to  resist  the  circumferential  and  axial  components  of  the 
pressure  force.  A  series  of  tests  [10-14]  have  been  carried  out  successfully  on 
individual  vessel  components  and  scaled  models.  Some  of  them  are  worth 
mentioning.  To  crown  aU,  the  purpose  of  the  model  test  is  to  verify  the  methods 
of  analysis  and  to  provide  a  visible  physical  demonstration  of  the  adequacy  of 
the  design  requirements.  As  described  earlier,  model  tests  have  been  carried  out 
to  verify  service  and  ultimate  state  behaviour  of  the  vessel  [126],  to  assess 
prestressing  and  reinforcement  and  hner  requirements  [15].  The  scale  chosen 
for  a  specific  model  did  depend  on  the  objective  of  the  test  and  on  the  reduction 
in  size  of  important  vessel  components.  For  a  complete  vessel  a  suitable  scale 
varied  from  1:25  to  1:10,  scales  1:25  and  1:50  have  been  used  for  the  investiga- 
tion of  the  top  slab  behaviour.  A  large  number  of  models  for  shear  modes  of 
failure  have  been  tested  [13-15]  with  varying  geometries,  materials,  prestressing 
loads,  reinforcement  and  penetrations.  Some  tests  have  been  carried  out  pneu- 
matically using  gas  as  the  pressurising  medium  [13-15].  Most  of  these  tests 
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produced  progressive  failures  with  sufficient  means  available  for  detecting  the 
elastic  limit,  the  onset  of  cracking  and  the  failure  mode.  Many  individual  tests 
have  been  carried  out  to  assess  the  integrity  of  the  liners,  penetrations,  closures 
and  thermal  protection  systems  [142-168]. 


5.7  Fundamental  Elements  of  the  Concrete  Pressure  Vessels 

As  stated  earlier  the  major  fundamental  elements  of  the  vessel  are 

(a)  Prestressing  systems 

(b)  The  steel  liner 

(c)  The  bonded  reinforcement 

(d)  The  embedded  elements 

(e)  The  concrete 


5.7.1  Prestressing  Systems 

The  layout  of  the  prestressing  system  is  dependent  on  the  shape  of  the  vessel. 
The  safety  characteristics  of  the  vessel  can  only  be  claimed  if  the  integrity  of  the 
prestressing  tendon  and  achorage  system  is  correctly  estabhshed.  Several  tests 
[1^,  6,  8-52]  have  been  carried  out  to  firmly  estabhsh  the  strength  and  defor- 
mation characteristics  of  these  systems.  These  include  reliable  tests  on  cables, 
wires,  anchorages  and  ducts.  Both  short-  and  long-term  data  have  been 
obtained  in  stress-strain  behaviour,  losses  and  ultimate  load-carrying  capacity 
of  longitudinal,  circumferential,  helical  and  radial  tendons.  The  latest  vessels 
built  in  the  UK  are  provided  with  a  wire-winding  system  in  which  the  wires  or 
strands  are  wound  under  tension  into  a  steel-hned  R.C.  channel  either  formed  in 
the  vessel  walls  or  made  of  precast  concrete.  The  band  comprises  a  series  of 
layers  of  wire/strand  anchored  at  both  ends.  In  this  way  maximum  circumfer- 
ential pressures  are  exerted  within  a  very  limited  area.  The  advantages  of  this 
system  are  fully  discussed  [200]  in  the  Uterature. 

In  many  vessels  only  unbonded  systems  have  been  adopted.  This  choice  is 
based  on  a  condition  that  all  tendons  must  be  inspected  for  defects  including 
those  due  to  corrosion.  The  advantages  or  disadvantages  of  bonded  and 
unbonded  tendons  are  fully  discussed  [200]  by  the  author. 

Figures  5.1,  5.2,  5.3,  5.4  and  5.5  show  the  prestressing  systems  adopted  or 
recommended  for  the  several  existing  and  future  vessels.  Table  5.1  shows  a 
summary  of  equations  in  case  of  wire-winding  for  obtaining  axial,  circumfer- 
ential, radial  and  boundary  pressures.  Details  and  geometry  of  each  vessel  are 
given  in  several  references  [13-15]. 

Figures  5.2,  5.3,  5.4,  5.5  and  5.6  show  typical  layouts  of  prestressing  systems 
for  existing  prestressed  concrete  vessels. 
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Table  5.1   Circumferential  prestre  due  to  wire/strand  winding 
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5.7.2  Liner 

The  liner  in  general  is  to  protect  concrete  from  excessive  reactor  temperatures 
and  radiation  developed  from  inside.  It  carries  cooling  pipes  circulating  water  at 
suitable  intervals.  The  liner  is  anchored  to  the  concrete  by  means  of  plugs,  etc. 
The  details  are  given  later  on  under  a  separate  caption. 


5.7.3  Bonded  Reinforcement 

Prestressing  systems  would  be  able  to  avoid  completely  a  premature  failure  either 
in  the  primary  zones  or  in  local  areas.  Under  such  conditions  greater  emphasis 
can  be  laid  on  the  control  of  cracking  by  using  good  quality  bonded  steel. 

5.7.3.1  Primary  and  Secondary  Reinforcement 

Bonded  reinforcements  are  divided  into  two  main  categories: 

i.  Primary  type:  they  reinforce  radially,  circumferentially  and  longitudinally 

the  walls  and  caps,  say,  of  a  cyhndrically  shaped  vessel. 
ii.  Secondary  type:  these  are  mainly  for  local  areas  such  as  zones  below 

anchorages,  buttresses  or  wire/strand  winding  channels. 

5.7.3.2  Factors  Affecting  the  Quality  and  Layout  of  Bonded  Reinforcements 

Elastic,  ultimate  load  and  construction  analyses,  if  properly  carried  out,  do  give 
sufficient  information  about  the  quantity  and  disposition  of  bonded  reinforce- 
ment. Nevertheless  they  are  not  the  only  means  of  achieving  the  right  objective. 
Several  factors  need  to  be  considered  prior  to  these  analyses. 

The  shape  of  the  vessel,  whether  spherical  or  cyhndrical  with  flat,  haunched 
or  curved  closures,  is  of  importance. 

The  type  and  layout  of  a  reactor  system  including  boilers,  circulators,  stand- 
pipes  and  control  rods  and  penetrations  required  for  instrumentations  and  other 
equipment  can  also  affect  the  reinforcements.  Substantial  changes  in  the  layout 
and  design  would  be  necessary  if  boilers,  circulators  and  their  closures  were 
located  within  the  walls  rather  that  in  the  annular  space.  The  same  is  true  of 
the  manner  in  which  standpipes  and  control  rods  are  arranged  in  the  caps. 

Prestressing  system  layout  is  another  factor  which  is  to  be  considered  in  the 
conventional  reinforcement  design.  Generally  prestressing  systems  come  first. 
The  tendons  will  have  to  go  into  the  vessel  first  and  their  positions  are  deter- 
mined by  analyses  and  practical  requirements.  Thus  the  bonded  steel  design 
layout  will  be  dependent  on  how  a  typical  vessel  has  been  stressed.  The  layout 
and  hence  the  design  would  be  different  if  the  vessel  were  stressed  with  a  helical 
wire-winding  system,  tendons  describing  horizontal  arcs  and  which  are 
anchored  on  buttresses  and  finally  a  sequential  cable  system. 
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Other  factors  are  the  anchoring  of  liners,  positioning  of  cooling  pipes  behind  the 
liners,  charge  machine  tract  and  tendon  anchorage  and  their  protection  methods. 

Vessel  construction  methods,  which  include  the  selection  of  lifts  and  bays 
and  existing  joints  in  between  and  methods  of  liner  erection  in  relation  to 
concrete  pours,  must  be  considered. 

The  final  factors  are  material  inherent  properties  which  include  the  choice  of 
reinforcement,  its  short-  and  long-term  behaviour  in  the  vessel  under  various 
combinations  of  loads,  temperature,  radiation  and  corrosion. 

5.7.3.3  Choice  of  Bonded  Reinforcement 

Generally  for  thick  concrete  vessels  the  choice  of  bonded  steel  in  the  UK  is 
based  on  its  high  tensile  strength  and  its  interaction  with  the  concrete.  In  thick 
sections  it  most  certainly  gives  a  higher  bond  length  and  an  improved  degree  of 
crack  control.  Several  tests  have  been  carried  out  on  GK  60  deformed  bars  [218] 
or  equivalent  in  Eurocodes.  Bond  tests  carried  out  on  the  50  mm  dia.  bars 
indicate  that  using  these  reinforcements  no  hooks  are  essentially  required  in  the 
PCRV.  Bars  used  in  the  UK  vessels  are  50  and  32  min  as  primary  reinforce- 
ments and  18  and  12  mm  as  secondary  reinforcements. 

5.7.3.4  Procedure  for  the  Design  of  Bonded  Reinforcement 

The  step-by-step  procedure  is  recommended  for  the  final  disposition  of  primary 
and  secondary  reinforcements  in  the  PCRV.  The  reactor  layout  and  the  influ- 
ence runs  on  the  effects  on  vessel  and  the  allowance  of  low  probability  loadings 
arising  froin  accident  or  fault  conditions.  Analyses  are  required  to  cover  these 
uncertainties. 

In  certain  zones  such  as  embedded  items  areas  would  create  where  stresses  in 
concrete  are  unacceptable;  reinforcement  may  be  arranged  to  reduce  these 
stresses.  Due  to  temperature  hot  spots  may  occur  in  concrete  zones  which 
could  be  unacceptable.  The  stresses  could  be  high.  By  providing  some  of  these 
local  reinforcement  will  reduce  stresses  to  acceptable  values  in  concrete.  The 
most  appropriate  technique  is  to  use  advance  analytical  means  such  as  finite 
element.  Stress  trajectories  with  and  without  reinforcement  could  be  developed. 
These  stress  trajectories  would  determine  the  sizes  and  the  zones  to  which  these 
reinforcement  could  form  shapes.  The  extent  of  such  reinforcement  will  have 
bond  lengths  between  24  and  48  diameters  of  the  bar.  Obviously  these  reinfor- 
cement would  be  evaluated  under  prestressing  anchorages  too  to  avoid  cracks 
under  stressing  loads. 

When  the  final  layout  is  obtained  for  these  bonded  reinforcement,  it  will  be 
necessary  to  include  them  in  the  hybrid  finite  element  analysis,  either  placed  on 
solid  element  nodes  or  within  the  concrete  body  linking  them  to  the  adjacent 
nodes  of  the  sohd  elements.  Alternatively,  these  reinforcement  can  be  spread 
within  the  body  of  the  solid  elements.  These  methods  are  discussed  in  Chapter  3 
under  Finite  Element  Analysis. 
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Based  on  the  vessel  layout,  certain  components  may  be  embedded  to  save 
vessel  area  for  the  reactor.  These  embedded  elements  such  as  shown  in 


Table  5.2   Embedded  elements 


Fuelling  pipes  and  control  rods 
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Table  5.2  can  produce  stress  concentration  in  areas  quiet  unacceptable. 
They  should  be  thoroughly  analysed  using  numerical  techniques  such  as 
finite  element. 


5.7.5  The  Concrete 

A  separate  analysis  is  given  on  the  behaviour  of  the  reactor  concrete  in  this 
chapter. 


5.8  Ultimate  Conditions 

A  validity  analysis  is  required  to  check  the  mode  of  failure  assumed  or  calcu- 
lated or  derived  from  the  experimental  tests.  This  analysis  should  cover  cases 
such  as  the  intactness  and  rupture  of  the  liner,  failure  of  local  areas,  the 
possibility  of  shear  failure  in  top  caps  or  at  cavity/wall  ligaments  and  cracks 
in  hot  spots  (areas  around  coohng  pipes)  and  computer  subrouteries. 

Several  chapters  give  a  list  of  analyses  required  for  the  vessels  and  their 
components.  The  ultimate  limit  state  analysis  is  given  in  detail  on  the  bases 
tests  and  carried  out  and  discussed  in  Section  5.7. 


5,9  Methods  of  Analysis 

Many  methods  are  available  to  the  designers.  The  most  common  are  [14,  15] 
based  on  the  finite  element,  finite  difference  or  dynamic  relaxation  lumped 
parameter  and  the  limit  state  methods.  Appendices  A  and  B  give  the  step-by- 
step  approach  of  the  finite  element  analysis.  Chapter  3  and  limited  state  method 
used  for  these  vessels  is  given  in  this  chapter.  In  some  service  and  fault  condi- 
tions it  is  required  to  consider  the  influence  of  external  hazards  and  environ- 
mental conditions.  Major  external  hazards  are  due  to  seismic  disturbances, 
wind/local  generated  missiles  and  aircraft  crashes.  These  are  fully  dealt  with 
by  a  number  of  researchers  or  designers  [231]. 


5.10  Analysis  of  Results 

The  linear,  non-linear  and  cracking  analyses  mentioned  earher  are  useful  to 
predict  the  operational  and  overload  behaviours  of  the  vessels.  Four  vessels, 
namely  the  Dungeness  B,  Oldbury,  Hartepool  and  Fort  St.  Vrain  have  been 
analysed.  Figures  5.13,  5.14,  5.15,  5.16,  5.17,  5.18,  5.19  and  5.20  give  a 
summary  of  the  load  displacement  relations,  modes  of  cracking  and  failure 
and  the  safety  margins.  Cracks  predicted  by  the  finite  element  and  limit  state 
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Fig.  5.13  Oldbury 
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Fig.  5.14  Dungeness  B 
prestressed  concrete  reactor 
vessel 
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Fig.  5.15  Hartlepool  prestressed  concrete  reactor  pressure  vessel 


Fig.  5.16  Fort  St.  Vrain 
prestressed  concrete  reactor 
vessel  (Pg  ^  18  HN/m") 
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Fig.  5.17  Deflected  shape.  Sides  of  model  -  ulimate  run 


analyses  for  these  vessels  are  compared  with  each  other  and  wherever  possible 
with  those  predicted  by  experimental  tests.  The  comparative  study  shows  that 
theoretical  and  experimental  results  are  in  good  agreement. 

In  two  such  vessels  conditions  under  normal  operations,  2.5  /"qd  and  failure 
conditions  are  particularly  examined  -  principal  stresses  are  examined  at  sui- 
table pressure  increments  right  up  to  2.5  /"gd  and  beyond.  The  complete  plug 
failure  occurred  at  4:1  Pqd  (13.5  MN/m^)  and  the  top  cap  (of  the  Dungeness  B) 
and  the  wall.  It  was  the  shear  compression  failure.  At  2%  ultimate  strain  in  the 
tendons,  the  possible  failure  of  longitudinal  tendons,  a  group  of  circumferential 
tendons  did  fail.  From  this  model  testing,  central  core  plug  failure  at  the  top  cap 
(shear  compression  type)  occurred  at  13.8  MN/m^.  Two  vertical  tendons  failed 
at  10.2  MN/m^ 

It  is  concluded  that  the  failure  of  this  vessel  has  occurred  owing  to  the 
complete  removal  of  the  central  core  or  plug  in  the  top  cap  at  a  pressure 
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internal  pressure  (MN/m  ) 
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• •    experimental 

■ ■    FE  (five-parameter) 

Fig.  5.18  Horizontal  deflection  of  wall  (ultimate  pressure)  -  Oldbury  vessel 


11.5 


• •   experimental 

■  ■   FE  (five-parameter) 

Fig.  5.19  Vertical  deflection  of  top  cap  (ultimate  pressure)  -  Oldbury  vessel 


around  four  times  the  design  pressure.  The  FE  and  the  M  analyses  are  in 
good  agreement  with  each  other  and  with  most  of  the  published  data  from 
the  experimental  tests.  Throughout  the  vessel  there  is  no  premature  failure 
of  the  liner. 
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Fig.  5.20  Presure-deflection  curye  of  Oldbury  vessel  [418:  experimental] 


5.10.1  Oldbury  Vessel 


For  the  model  test  of  the  Oldbury  vessel,  gas  pressure  versus  deflections  is 
plotted  ill  Figs.  5.18  and  5.19.  The  results  from  finite  element  analysis  have 
been  plotted  for  comparison  in  the  same  figures.  Because  of  great  variations  in 
tendon  layout,  the  pressure  versus  deflection  curves  are  given  but  at  a  pressure 
of  4.825  MN/m^  (I.SISPgd)-  This  must  have  been  produced  even  earlier  in  the 
model,  since  such  a  crack  cannot  suddenly  appear  at  such  a  marginal  pressure 
difference  of  0.065Pgd-  The  results  from  FE  clearly  indicate  that  there  is  a 
plastic  zone  appearing  at  the  equator. 

Raising  the  pressure  to  5.32  MN/m^  (1.995Pgd)  FE  indicates  that  the 
vessel  top  cap  plastic  zone  has  been  abruptly  increased  and  additional  flexural 
cracks  have  emerged.  The  plastic  zone  in  this  case  has  reached  the  areas 
surrounding  the  central  hole  in  the  standpipe  area  and  the  prestressing  gal- 
leries. Model  tests  show  similar  effects  in  the  top  cap.  The  results  from  M  give 
two  surface  flexural  cracks  and  various  positions  or  locations.  Therefore  each 
curve  takes  into  account  the  contribution  it  has  received  from  the  exact 
position  of  tendons,  conventional  steel  and  the  liner  in  the  original  layout. 
In  order  to  test  these  results,  some  of  them  are  plotted  in  Fig.  5.20  along  with 
those  from  the  model  tests  (four  tests)  carried  out  by  Eddie  et  al.  and  others. 
Both  the  horizontal  and  vertical  deflections  are  in  good  agreement.  However, 
in  Fig.  5.21  although  the  computed  axial  strains  are  in  good  agreement  with 
those  measured  on  the  prototype,  the  hoop  or  circumferential  strains  are  wide 
apart.  The  only  explanation  that  can  be  offered  is  the  difference  between  the 
exact  chosen  tendon  layout  of  the  vessel  parameters  and  that  of  the  prototype. 
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Fig.  5.21  Hoop  and  axial  strains  at  wall  mid-height  -  Oldbury  reactor  vessel  (conditions  at 
ultimate  pressure)  ( ,  finite  (five-parameter):  — O — ,  experimental) 


The  percentage  difference  is  still  within  5-8%.  A  further  comparison  is  given 
in  Fig.  5.21  which  is  based  on  the  monitoring  of  the  vessel's  performance  for  a 
period  of  10  years. 

Figures  5.22  and  5.23  show  plots  for  various  principal  stresses.  It  is  interest- 
ing to  note  that  in  Fig.  5.24  the  effect  of  removal  of  cracked  concrete  at 
1.81  times  the  design  pressure  is  shown.  Figures  5.25  and  5.26  show  the  princi- 
pal stresses  at  2.5  times  design  pressure.  No  cracks  have  been  observed  for  a 
pressure  range  of  2.66-3.75  MN/m^.  At  a  pressure  of  3.99  MN/m^  (1.455Pgd)  a 
plastic  zone  in  the  top  cap  centre  has  been  predicted  by  FE.  Both  FE  and  M 
show  a  plastic  zone  and  a  minor  crack  at  the  top  haunch.  Radial  hair  cracks 
together  with  a  plastic  zone  have  also  been  predicted  by  FE.  However,  M 
assumes  a  crack  width  at  the  equator  and  finally  proves  that  it  is  the  only 
crack  that  exists  in  the  wall  at  this  pressure. 
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Fig.  5.22  (a)  Wall  horizontal  and  vertical  deflections,  (b)  Top  slab  horizontal  and  vertical 
deflections,  (c)  Circumferential  stresses  -  operating  conditions  only  (finite  element  analysis) 


At  a  pressure  of  4.665  MN/m^  (1.75_Pgd).  a  wider  and  deeper  plastic  zone 
appeared  (mark  6)  in  the  top  cap.  It  is  interesting  to  note  that  the  top  haunch 
plastic  zone  has  also  been  increased.  In  addition,  a  minor  plastic  zone  has  been 
predicted  by  FE  at  the  bottom  cap  haunch.  Moreover,  at  the  upper  part  of  the 
side  wall  a  wider  radial  crack  has  occurred  and  this  crack  has  also  been 
confirmed  by  the  model  tests. 

Both  top  and  bottom  haunch  plastic  zones  of  this  vessel  predicted  by  FE  are 
fairly  large.  Here  there  is  some  disagreement  between  FE  and  M  on  the  type  of 
crack.  The  top  haunch  M  results  show  both  flexural  and  premature  shear 
cracks.  On  the  other  hand,  the  results  from  FE  clearly  indicate  the  possibihty 
of  cracks  caused  by  the  principal  tensile  stresses  caused  by  shear.  However, 
there  is  an  agreement  between  the  two  analyses  on  the  initiation  of  flexural 
cracks  in  the  bottom  cap  haunch.  The  magnitude  of  these  cracks  is  not  greater 
than  0.007  mm.  Practically  there  is  no  change  in  the  flexural  crack.  The  bottom 
cap  has  an  enlarged  plastic  zone. 

Reports  suggest  that  a  horizontal-cum-radial  crack  has  appeared  above  the 
circulator  penetration,  but  the  pubhshed  data  have  not  confirmed  it.  In  the 
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Fig.  5.23  Principal  stress 
1  -  normal  operation 


barrel  wall  M  shows  flexural  cracks  in  both  radial  and  circumferential  direc- 
tions. Examination  shows  that  cracks  in  radial  directions  do  exist  at  pressures 
between  4.664  and  5.32  MN/m^.  They  have  been  superimposed  for  comparison. 
The  results  obtained  from  FE  show  plastic  zones  and  surface  cracks.  Obviously 
there  is  a  slight  discrepancy.  It  seems  that  FE  does  not  agree  with  M  up  to  a 
pressure  of  5.32  MN/m"  for  the  creation  of  plastic  zones  or  surface  cracks.  The 
difference  is  in  the  modelling  of  the  layouts.  No  test  data  are  available  for  this 
vessel  or  any  other  cyhndrical  vessels  for  such  cracks  appearing  at  1.995  times 
the  design  pressure.  However,  there  seems  to  be  some  agreement  in  this  area  at 
pressures  above  5.32  MN/m^. 

Carrying  on  in  the  same  way,  many  failure  zones  have  been  developed  at 
additional  incremental  pressures.  As  shown  in  Fig.  5.13  at  Pq.  ultimate  =1197 
MN/m^  (4.5/'gd),  both  model  tests  and  FE  results  are  in  agreement.  The  vessel 
top  cap  and  top  corner  have  been  separated. 

This  failure  mechanism  is  different  from  that  predicted  for  the  Dungeness  B 
vessel,  although  they  both  have  an  identical  shape  and  reactor  system  layout  but 
with  different  prestressing  system  and  gas  design  pressure. 
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Fig.  5.24  Principal  stress 
2  -  normal  operation 


5.10.2  High-Temperature  Gas-Cooled  Reactor  Vessel  (HTGCR) 


Figure  5.22  and  5.23  show  gas  pressure  versus  deflection,  and  Figs.  5.24 
and  5.25  show  principal  stresses  at  normal  operation.  Figures  5.26  and 
5.27  show  principal  stresses  at  2.5  times  the  design  pressure.  Although  this 
vessel  layout  is  different  in  many  respects  to  that  of  the  Hartlepool 
reactor,  the  stress  flow  in  many  areas  is  identical.  The  stress  concentrations 
around  the  boilers  and  at  the  junction  between  the  caps  and  the  walls  are 
similar  in  both  cases.  However,  the  quantities  do  differ.  It  is  because  of 
these  and  some  dissimilar  stress  contours  that  the  final  failure  modes  in 
both  vessels  differ. 

Figures  5.6  and  5.7  show  3D  and  2D  finite  element  mesh  generation 
schemes  of  a  prestressed  concrete  vessel  designed  for  a  high-temperature 
gas-cooled  reactor.  Both  internal  and  external  loads  have  been  computed  in 
accordance  with  the  method  given  in  Chapter  3.  The  program  CREEP,  which 
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Fig.  5.25  Minimum 
principal  stress  - 
pressurisation  after  long- 
term  shut-down  showing 
effect  of  removal  of  cracked 
concrete  (A) 
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Fig.  5.26  Maximam 
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Fig.  5.27  Minimam 
principal  stresses  at  2.5  Pgd 


+  E     +C 


is  a  part  of  the  program  ISOPAR,  gives  results  for  when  the  vessel  undergoes 
the  effect  of  creep.  First  a  normal  operation  condition  (prestress  +  pressure 
+  temperature)  is  considered.  This  vessel  is  analysed  with  and  without  creep. 
The  axial,  radial  and  circumferential  stresses  have  been  computed.  The  influ- 
ence of  creep  when  the  Young's  modulus  is  constant  or  variable  is  consider- 
able. In  some  local  areas,  because  of  creep  the  stresses  change  significantly 
with  passage  of  time.  Figure  5.28  shows  stresses  at  the  top  cap  with  and 
without  creep  for  up  to  20  years.  Figure  5.28  shows  the  behaviour  of  the  vessel 
under  operating  and  thermal  shut-down  conditions  with  and  without  the 
influence  of  creep. 

The  vessel  is  then  taken  to  elasto-plastic  and  cracking  conditions.  As  dis- 
cussed later  on,  the  relationships  between  gas  load,  prestressing  strains,  and 
deflections  and  cracks  with  and  without  the  influence  of  creep  have  been 
estabhshed.  These  results  (Fig.  5.29)  show  that  where  the  influence  of  creep  is 
not  considered,  the  load-carrying  capacity  is  overestimated  by  as  much  as  25%. 
With  creep,  considerable  changes  were  discovered  in  the  cracking  pattern  of  the 
vessel  and  the  overstress  conditions  in  local  areas  (standpipes  and  boiler/circu- 
lator penetrations). 
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Fig.  5.28  Deflection  curve 
of  wall  HTGCR  reactor 

vessel  ( ,  experimental; 

— O— ,  FE  (four- 
parameter);  —  •  — ,  FE 
(five-parameter)) 


1.5        2.1         2.7 
Deflection  (mm) 


Fig.  5.29  Maximum  principal  stresses  at  normal  operation 
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Fig.  5.30  Pressure-deflection  curve  for  top  cap  of  HTGCR  reactor  vessel  ( Experimental: 

— O — ,  FE  (four-parameter);  — • — ,  FE  (five-parameter)) 


Ahmad  has  ideahsed  the  same  vessel,  as  shown  in  Fig.  5.30.  He  has  used 
the  vessel  bonded  and  unbonded  and  produced  deformations  (Figs.  5.30, 
5.31,  5.32  and  5.33)  for  normal  operation  and  for  40  years  of  creep. 
He  has  also  produced  a  graph  (Fig.  5.34)  showing  deformation  for  this 
vessel  at  various  pressures.  He  has  included  creep  in  his  analysis.  This 
vessel  has  also  been  considered  for  elasto-plastic  and  cracking  effects  by 
Bangash.  The  deformation  of  the  vessel  at  the  cracking  stage  under  the 
influence  of  creep  and  with  the  steel  liner  anchored  to  concrete  is  shown  in 
Fig.  5.35. 

The  stress  trajectories  at  normal  operation  and  at  2.5  times  design  pressures 
can  be  obtained  in  the  same  manner  as  for  vessels  discussed  previously.  The 
vessel  design  pressure  /"gd  here  is  5.68  MN/m^.  At  a  pressure  of  7.48  MN/m^ 
(1.315/'gd).  this  vessel's  behaviour  (Fig.  5.36)  is  identical  to  that  of  the  Hartle- 
pool vessel.  The  only  change  is  the  plastic  zone  developed  around  the  gas  inlet 
duct  under  mark  6. 

At  a  pressure  of  9.28  MN/m^  (1.635/^00)  the  behaviour  of  this  vessel 
(Fig.  5.37)  in  most  zones  is  identical  to  that  of  the  Hartlepool  vessel  [423,  papers 
H3/5,  H5/3]  and  others.  When  the  pressure  was  raised  to  6  MN/m^  the  only 
difference  is  in  the  position  of  cracks  (marks  11,  12  and  13)  at  the  top  haunch 
and  the  extent  of  the  plastic  zones  (marks  7,  14,  20,  21  and  22).  The  crack  sizes 
have  not  been  predicted  in  the  top  cap.  The  bottom  cap  has  been  affected  only  at 
the  bottom  haunch.  Both  FE  and  M  are  in  agreement  in  most  areas,  as  shown  in 
Fig.  5.37.  Raising  the  pressure  to  1 1.08  MN/m"  (\.95Pou)  there  is  a  significant 
difference  in  the  behaviour  of  this  vessel  (Fig.  5.38). 
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Fig.  5.31  Minimum  principal  stresses  at  normal  operation 


The  HTGCR  vessel  failure  mode  is  moving  more  towards  flexural  criteria 
than  shear  criteria.  The  initiation  and  propagation  of  cracks  and  their  positions 
are  very  different.  The  reason  is  purely  the  dominant  role  that  the  barrel  wall/ 
cap  slenderness  ratio  has  played  in  producing  flexural  cracks.  In  plan  around 
the  boiler  and  circulator  penetrations  and  in  the  standpipe  area,  most  of  the 
plastic  zones  are  identical. 

At  a  pressure  of  12.88  MN/m"  (2.24Pgd)  the  top  cap  mode  (marks  46-53)  is 
given  in  Fig.  5.39. 

There  is  a  similarity  in  the  development  of  plastic  zones  between  the  two 
vessels  in  the  bottom  caps.  In  plan,  the  plastic  patch  zones  are  very  similar 
between  these  two  vessels.  The  only  difference  is  the  extent  of  cracks  devel- 
oped at  the  equator  (mark  49)  by  FE.  At  this  pressure  in  the  top  cap  the  plug 
failure  (mark  60)  is  imminent.  It  is  interesting  to  note  that  the  crack  sizes  are 
identical  in  these  zones.  Another  difference  is  in  the  sudden  appearance  of  a 
plastic  zone  just  above  the  gas  inlet  (mark  55)  and  a  flexural  crack  in  the 
circumferential  direction  in  the  top  corner  (mark  54)  at  the  outside  of  the 
boiler  penetration.  There  is  also  a  shght  shift  in  the  position  of  the  crack 
(mark  57)  around  the  circulator.  The  crack  widths  have  reached  about  0.2  mm 
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Fig.  5.32  Stresses  through  top  cap  -  at  operating  temperature  and  shut-down 


in  most  places.  In  many  places  strains  in  the  tendons  and  in  the  bands  do  not 
exceed  0.009. 

Raising  the  pressure  to  14.68  MN/m^  (2.258i'GD).  sufficient  flexural  crack- 
ing in  the  barrel  wall  (Fig.  5.40)  has  occurred. 

The  nearest  case  that  can  be  compared  is  the  behaviour  of  the  Hartlepool 
vessel  under  2.5Pgd-  In  the  top  cap,  plastic  zones  have  identical  locations. 

However,  in  the  HTGCR  vessel  no  internal  cracking  has  been  predicted  by 
LS  around  the  boiler  and  the  circulator  penetrations. 

In  plan,  the  plastic  zones  are  quite  similar.  There  is  a  change  in  the  plastic 
zone  around  the  boiler  penetration  between  sections  (3)-(3)  and  (4)-(4).  In  the 
top  cap  a  plug  failure  under  mark  69  has  been  initiated.  The  strain  and  crack 
widths  in  most  places  do  not  exceed  0.01  %  and  30  mm. 

At  a  pressure  of  16.48  MN/m^  (2.81  Pou)  1:he  behaviour  of  this  vessel 
(Fig.  5.41)  is  identical  in  many  respects  to  the  behaviour  of  the  Hartlepool 
vessel  [418^31]  for  2.82  Pen.  In  plan,  the  cracks  and  plastic  zones  are  very 
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Fig.  5.33  Maximum  principal  stresses  at  2Pgd 


Fig.  5.34  Minimum  principal  stresses  at  2Pgd 
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Fig.  5.35  Stresses  in  top  cap  showing  inflection  of  shut-down 


similar  in  both  cases.  In  both  the  top  and  bottom  caps  flexural  cracks  have  been 
extended  in  depth.  Not  enough  change  is  visible  of  the  plug  failure  line  in  the  top 
cap.  In  addition,  the  barrel  (Figs.  5.41  and  5.42)  wall  cracks  and  the  haunch 
cracks  have  advanced  considerably.  These  flexural  cracks  are  more  pronounced 
than  in  the  case  of  the  Hartlepool  vessel. 

The  circumferential  prestressing  bands  have  reached  the  ultimate  strain  of 
1.5%  and  the  cracks  in  most  places  are  around  50  mm.  When  the  pressure  is 
raised  to  18.28  MN/m^  (3.2  IPgd),  Fig-  5.43a  shows  the  positions  of  plastic 
zones  between  sections  (l)-(l)  and  (2)-(2). 

Additional  flexural  cracks  have  appeared  in  the  top  cap.  It  seems  that  the 
influence  of  cracks  due  to  shear  compression  and  plug  failure  has  been  mini- 
mised. At  the  equator  (marks  115  and  116)  a  larger  plastic  zone  has  been 
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Fig.  5.36  Games  point  locations  in  the  reactor  vessel  [262]  (all  dimensions  in  num) 
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Fig.  5.37  Deformations  under  normal  operation  and  after  40  years  of  creep  [262]  -  vessel  type, 
perfectly  bonded 
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Fig.  5.38  Deformations  under  normal  operation  and  after  40  years  of  creep  [262]  -  vessel  type, 
bonded  (with  Ahmlink  element) 
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Fig.  5.39  Deformations  under  normal  operation  and  after  40  years  of  creep  [262]  -  vessel  type, 
unbounded 
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Fig.  5.40  Deformed  shapes  at  various  pressures  [262,  749]  -  vessel  type,  bonded  vessel  with 

Ahmlink  element  ( — ,  — ,  deformed  shape  at  3.0;  ,  deformed  shape  at  3.3;  , 

deformed  shape  at  3.5;  — O  — ,  FE  (four-parameter,  Bangash);  — •  — ,  FE  (five-parameter, 
Bangash)) 
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One-quarter  plan         f^ 


Sectional  elevation 


Fig.   5.41  High-temperature   gas-cooled   reactor   pressure   vessel   (Pq    =    7.48    MN/m") 
(see  Fig.  IX.  11 8a  for  key) 


One-quarter  plan         (£ 


A-B    :     A-A 
Sectional  elevation 


Fig.  5.42  High-temperature  gas-cooled  reactor  pressure  vessel  (Pq  =   11.08  MN/m2)  (see 
Fig.  IX.  11 8a  for  key) 
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One-quarter  plan 


Sectional  elevation 

Fig.   5.43  High-temperature   gas-cooled   reactor   pressure   vessel   (Pq    =    9.28    MN/m") 
(see  Fig.  IX.  1 18a  for  key) 


One-quarter  plan 


Sectional  elevation 

Fig.   5.44  High-temperature  gas-cooled  reactor  pressure  vessel   (Pq    =    12.88   MN/m^) 
(see  Fig.  IX.  11 8a  for  key) 
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Fig.   5.45  High-temperature  gas-cooled   reactor  pressure  vessel  (Pa    =    14.68   MN/m") 
(see  Fig.  IX.  11 8a  for  key) 


One-quarter  plan 


A-B    I    A-A 
Sectional  elevation 


Fig.   5.46  High-temperature  gas-cooled  reactor  pressure  vessel   (Pa 
(see  Fig.  IX.  1 18a  for  key) 


;.28   MN/m^) 
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One-quarter  plan 


A-B    ■    A-A 
Sectional  elevation 


Fig.  5.47  High-temperature  gas-cooled  reactor  pressure  vessel  (Pg  =  16.48  MN/m")  (see  Fig. 
IX.  11 8a  for  key) 


One-quarter  plan 


A-B     ,   A-A 
Sectional  elevation 


Fig.  5.48  High-temperature  gas-cooled  reactor  pressure  vessel  (Pq  =  20.08  MN/m^)  (see  Fig. 
IX.  11 8a  for  key) 
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five-parameters) 
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Pqd  =  design  pressure  =  5.68  MN/m^ 
A  -  Pq  =  1 .87  X  Pqd  =  1 0.622  MN/m^ 
B -Pg  =  2.18  xPqd=  12.383  MN/m2 
C  -  Pq  =  2.5  X  Pqd  =  1 4.200  MN/m^ 
Ci  -  Pq  =  2.63  X  Pqd  =  1 4.938  MN/m^ 
C2  -  Pq  =  2.75  X  Pqd  =  1 5.620  MN/m^ 


1      I      I      I      I      I      I      I      I      I      I      I      I      I      I      I      I      I      I      r 
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cap  &  wall  (mm) 
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8    16    24    32    40    48    56    64  70  78 
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Fig.  5.49  High-temperature  gas-cooled  reactor  pressure  vessel  and  deflections 
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created.  The  bottom  haunch  crack  (mark  1 17)  position  is  another  difference  in 
the  behaviour  of  these  two  vessels.  The  plastic  zones  also  differ  from  those  in  the 
Hartlepool  vessel.  Their  shapes  and  positions  and  crack  sizes  do  not  match. 
This  again  is  due  to  the  difference  in  the  dominant  role  being  played  by  the 
span/depth  ratios.  Longitudinal  prestressing  has  failed  and  the  crack  sizes  are 
approximately  over  90  mm.  Bonded  reinforcement  has  yielded.  Although  there 
is  sufficient  yielding  of  the  liner,  it  still  has  not  failed. 

At  a  pressure  of  20.08  MN/m^  (3.55Pgd)  both  the  top  cap  and  the  barrel  wall 
have  failed  in  flexure  one  after  another.  All  cracks  around  the  boilers  and 
circulators  have  widened. 

Circumferential  cracks  around  the  top  haunch  have  joined  the  longitudinal 
cracks.  The  bottom  cap  has  cracked  but  the  various  pieces  are  held  together. 

It  is  concluded  that  the  vessel  has  failed  due  to  the  failure  of  a  strand  band  at 
a  pressure  of  3.21 /"qd  and  enough  cracks  have  been  produced  in  the  top  cap  to 
define  a  premature  fiexural  failure  intervening  in  the  shear  failure  in  the 


Fig.  5.50  Dungeness  B  type 
vessel  -  temperature 
distribution 
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top  cap.  FUexural  failure  has  also  occurred  at  several  places  in  the  barrel  wall. 
Figure  5.43a,b  gives  additional  cases  for  failure  modes  but  these  are  not 
governing  cases.  Figure  5.44  gives  the  deflection  and  cracking  history  of  this 

vessel. 

5.11  Thermal  Analysis  of  Vessels 

Thermal  analysis  has  been  carried  out  for  all  vessels  noted  in  this  chapter. 
Figures  5.50,  5.51,  5.52  and  5.53  give  the  result  of  temperature  distributions 
for  the  vessels.  Where  thermal  loads  are  to  be  included  in  the  overall  analysis 
they  are  computed  from  these  figures  and  are  put  at  the  respective  nodes  of  the 
elements  as  concentrated  loads  or  patch  loads.  Alternatively  strains  are  eval- 
uated from  these  temperatures  and  they  are  included  in  the  finite  element 
formulations  as  initial  strains.  Stress  trajectories  can  be  drawn  for  the  tempera- 
ture-only case  on  the  Hues  given  for  vessels  in  normal  operation  -  cases  which  in 
fact  include  temperature  effects. 

5.12  Concrete  Failure  Theories 

Several  concrete  theories  exist  which  can  easily  be  simulated  into  the  overall 
various  failure  stages  of  the  vessels.  A  summary  of  the  important  ones  are  given 
in  Table  5.3  for  detailed  derivations  and  applications,  a  reference  is  made  to  the 
authors'  following  books: 


25  °C 


20  °C 


30  °C 
25  °C 


40  °C 


50  °C 


.  sym. 


Fig.  5.51  Oldbury  vessel  - 
temperature  distribution 
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E  values  of  each  block 
shown  X 10^ 
SI  equivalents 


30  °C 


Fig.  5.52  Temperature  and  Young's  moduli  at  equator  -  HTGCR  vessel 


Manual  of  Numerical  Methods  in  Concrete 

'^Modeling  and  Applications  Validity  by  Experimental  and  Site  Monitoring 

Data",  Thomas  Telford,  London  (1999). 

Tables  5.4,  5.5  and  5.6  give  derivations  of  equations  for,  respectively,  four- 
parameter  (OTTOSON)  model,  five-parameter  model.  Bulk  shear  moduli 
model  and  Endochronic  cracking  model,  which  have  been  used  in  the  existing 
vessels  to  present  the  concrete  failure.  Reference  is  made  to  above  reference  by 
the  author  on  other  failure  criteria  including  bulk  and  shear  moduh  and 
Endochronic  cracking  models. 
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Fig.  5.53  HTGCR  vessel  - 
temperature  distribution 


5.13  The  Contribution  Made  by  the  Steel  Liner 

Table  5.5  gives  a  brief  on  the  analytical  formulation  of  the  steel  liner  which  can 
easily  be  associated  with  the  overall  numerical  modelHng  of  the  PCPV  including 
the  ultimate  load  and  collapse  conditions. 


5.14  Prestressing  Systems 

Appendix  C  gives  data  on  various  prestressing  systems. 


5.15  Limit  State  Formulation 

A  reference  is  made  to  the  future  models  (Fig.  5. 1 1  for  Oldbury  and  Fig.  5. 12  for 
Dungeness);  they  definitely  form  the  background  for  the  development  of  the 
Limit  State  Analysis. 

Several  failure  criteria  [10-15]  have  been  established  from  the  experimental 
tests.  Flexural  failure  is  reported  in  the  wall  of  the  vessel.  In  the  top  cap  both 
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Pressure  due 

to  circumferential 

tendons 


Fig.  5.54  Vessel  and  its  parameters 


flexural  and  plug  failures  have  been  reported.  The  central  plug  normally  consists 
of  a  perforated  zone  due  to  the  location  control  rods  or  standpipes.  When  the 
resistance  of  the  compressive  area  in  this  region  is  generally  reduced,  the  outside 
perimeter  of  the  standpipes  develops  a  circumferential  plane  of  weakness.  Under 
gas-increasing  pressure  a  complete  punched-out  failure  of  the  central  core  of  the 
cap  has  occurred.  This  is  due  to  the  force  caused  by  internal  gas  pressure 
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Table  5.3   Summary  of  concrete  failure  criteria 
1 .  Krupfer  and  Rusch 

/(o-,/)  -  ^  =  0  =  Toct  +  Bp-  A 
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where 

To,.,   =    (l3(7,y(J,y  -/;-)'  (,  /  =    1,2,3 

P^Uokk  ^=1,2,3 

df 


dan 


-  (SiiiBxo,,  -  P)6,j 


2.  Ottosen   Four-parameter  model 

./[(/,,/2)cos39]  =  #  +  A^  +  5i-l=0 

3.  Argyris  et  al. 
/(^i+(B-Ccos3e,)^-l)=0 

4.  William  et  al. 

(a)  (/i , /t  , /3  )  =  0  /]   =  CTi  +  ff2  +  "i-  h  =  'TlO'l  +  aj^i  +  CTjO'l 

/3  —  (7|(720'3 

(b)(^T   .-'t   )  =  0        h.c  =  -401  +^ii/i  +^22-/l/'^r  tensile 0,,  =  0 

\  2/j     2c  y 

/2.<'  =  5oi  +  5ii/i  +  Biifijai  comp9,-  =  60° 


5.  Mohr's  equations 


/(z,  r,  (5)  =  0         r  =  ^((Ji +(j, +  0-3) 
v3 


V3 


/(CTI   -  0-2)     +  {"2  -  Oi)     +  ((7|   -  0-3) 


cosi:5  =  (Ti  +  0-2  -  2ail\/l\l [ax  -  02)    +  (o"2  -  ""s)"  +  (""i  +  "■3) 


'V3'-'   ""  =  73-' 


6.  Launay  et  al. 

A""  -  1)  =  0 


where 


ff"  =/>- 


cos-  J  0f      sin-  J  9,. 


;  P  =  v^PcP,/^{Pj  +  P?)  -I-  (-Pf  -  Pj)  cos  39,. 
(a-;  +  (T^  +  (T^) 


cos39,=^[/3/(/2)'];/3^ 
7.  Bangash  Y 
Hypo-elastic  theory 

/({<7},W,M,{e})=0 

d(j,y  =  Di.{rijj}de.a        S  =  Kronecker  delta 

Dy  =  Material  property  tensor 

=(^0  +  Ann,r)SijSKt  +  l2{Ao2  -  2A„a,.,.)(S;KSji  -  Ajk  -  &ii) 
+  'iai'TijSKi  +  "Kfiii)  +  l2Aui<yjK<>u  +  CjiSki  +  "iKSij  +  (TiiSa) 
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Table  5.3   (continued) 

lioij  =Aoii:i;kSij  +  AojEij  +  ^nEu-iS// 

-  ^AiiBkkkj  +  Auicijhk  +  Ck\h\&ii) 
+  A4(<Tjkkk  +  Ciki-jk) 

where  i5's  are  Kroneckler  deltas  and  ^'s  are  various  hydrostatic  constants  to  be  determined  by 
experiments 

Kn  =  Am  +  Aai  -  AuJi  +  2(^i3  +  Au)a\ 

Ki2,  K-i-i  have  all  the  terms  of  K\  i  except  ai  is  changed  to  <T2  for  ^22  and  0-3  for  K^^ 

Kii  =  {A02  -2AnJ\)  +  Au(J]  ~a\) 

K55  =  {Ao2  -2AuJ])  +  A,4{Jt  -02) 

Kee  =  (A02  -2AuJi)  +  A,4{Ji  ~  a,) 

Kn  =  (Aoi  +AuJi)  +  A,3(ai  +02)  =  R  + AbIoj  +02) 

Ki:i  =  R  +  Aii{ax  +  rrj) 

K23  =  R  +  Au{r^2  +  Si) 

K21  =  R  +  ^i3(o"2  +  o"i)    where  R  =  Ao[  +  AuJ[ 

K^l   =«  +  ^13((T3  +  (Tl) 
^32  =R  +  A,i{ai  +  (T2) 


The  determinant  in  ( )  after  expansion  leads  to 
(/I02  -2/1|l/,)|-3.4;,('2/2  -y")  +  [3^01  +-402  + (/111  +2^i3)/i]| 

+  2.4|4{(A2-2/l|,./i)^/,  +2(/lo2-2.4|,/i)/i(/l(,i  +AuJ,) 

+  (2/1/3  -  (-^2  -  J]/j))lAu{Aoi  +  ^11/1)  +  {A02  +  2AnJi){Ai3  +  2Am)] 

+  ((jyj  -  /,  (j2  -  y))  A)  [2-414  +  (6^13  +  2/tl4)  +  6A],] 

-^UA/i+MJ2  -  -f]/?,)  ~  Ji]}]  X  [(A02  -  2A„J{)At4Jt  -  a,)] 
X  [iAo2  -  2A,4J,)  +  A,4J,  -  (T2MA02  -  2A„J,)  +  AuiA  -^3)1  =  0 
for  a3  >(7|  or  0-2 

doj  _  {lA„i+Am)+{-^n+2Ai,+2A,i)ai-2A„ailA„,+iiA„2+i2A„+Au)a,]-lA„,+{An+A„)<„+{2A„+Ai,)<„]-} 
do   ~  Ai„+iA„2+(2All+Al4) 

The  inclination  of  the  strain  path  for  ds  is  given  as 
ax  -  um     ^         (d£p,-dE,,j) 

7.  Sulkand  shear  moduli  noddle 

8.  Endochronic  cracking  model 

9.  Fifth  para  model 
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Table  5.4   Four-parameter  model 

An  analytical  failure  model  in  which  four  parameters  are  included  has  been  developed  by 
Ottoson.  This  failure  surface  is  described  already.  The  same  chain  rule  of  partial 
differentiation  is  applied.  The  gradient  {df/da}  is  given  by  Bangash: 

^  _  ay  _   df  dh    I     Of  dJi    I        Of 


da        ai,  da  ~  dJ,  f)a  ^  3  cos  30      da 
aiCl  +  QtCt  +  O3C3  (5.1) 

_  df  _  a  AM  I    a  >jT  _  a  ,    a  '-^T' 

"2       aJi       dJj  fl  "•"  dJ2  fi        fi  "•"  9/2  fl 


:{' 


|f  =  4]^,cos|icos-'(^ 
where 


¥4)]}         (5.3) 


cos  30  <Q  =  -Ki  im{P)\^^K2%V^J^{-^)j;^'^ 

-^.sm(P)3L(ir3^3^)^(+|) 

_;^,^sm(/>)^=-fL^sm(P) 


'      -^2    2   3/y2 


M  =  ^  ^  j^j  ^„c  lir  _  i^„o-l 


|.S:icos[f-icos-'('&^^]l|  cose   <0 
=  K,  (-  sm  P)[-\^_  {-K,^-4h)  (-  W] 
=  ^(_sinP)[i^(-|)]^(sin  P)^         (5.4) 
From  this  equation 


a->  =  4  +  -TT^  .^  /I  —  A^i  sin 


r  COS    '  I  K-, 


h/lJi 


sr\-i 


fl       2/fx 


jl-^ism  ficos-'(^&3^^j    ^1         (5.5) 


(?cos3tj) 


X-~]      cos30>O         (5.6) 


^r^  i  ATi  sin  [i  cos- '  ( A:2  cos  36)]  ^|i^ 

=  i|i^^sin[icos-'(A:2Cos  30)]      cos  9  >  0         (5.7) 

03  =^|^sin[f-icos-'(-.^2Cos  3e)]cos3e>  0 

where  t  =  Ki  cos  39 

72  =[i  (5^  +  5^  +  5^) +  4  +  T?,  +  4] 
The  values  of  c i,  C2,  C3  are  as  follows: 
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Table  5.4   (continued) 


Ci  = 


C2  = 


aW^  1  0 
0 

_  ax  as,    I  aj-  os,      aj-  as-    ,  aj-  3^,,,      ax  flt,-      ax  ai.,, 
"  ^  asv  a{ir}  "*"  as,-  a{iT}  +  as-  a{iT}  "•"  a  a{a}  "•"  ai,;  a{<T}  "•"  ar„  aii} 


a{o 


=  5,^ 


r"     2     1 

1 

(               1     "1 

3 

f      1  "1 

3 

r  0  ^ 

1 

1 

0 

3 

3 

1 

1 

2 

0 

3 

0 

>     +Syl 

3 

0 

f  +"^-'1 

3 

0 

'  +•^1 

T.vv 

0 

0 

0 

T,,_- 

I   0   J 

I    0   J 

[    0   J 

It,J 

(5.8) 


C2=  ■ 

'\{2S,-Sy 

\{2Sy-S, 

i(25',-5, 

2t,,. 

2t,..- 

l             2t,, 

-5-) 
-  Sy) 

J 

COS  30 

=  3^x4 

(5.10 

f  5v  1 

Sy 
S- 

2t, 
2t,. 

2T.-V  J 


(5.9) 


/^  cos  30  cos  30  a/3  I  cos  30  dJi 

^3  ^  ay,   ~  aj,  W^}      sh  B{a} 


From  Eq.  (5.11) 

cos  30  _    3^3    cos  30 
a/,  2/'-     fl-'i    " 


¥/3)(^ 


Now 


(5.11) 


(5.12) 


73  =  [5v5'v5_-  +  2TTvTvrT.-v  "  Syx].^.  -  SyT^-  -  S^tI^] 

aA  _  OA  9Sv   I  a^  ds,      aj^  as-    ,  ah,  ar„.      oh,  ai,; 
ap}  ^  as,  ap}  "•"  as,,  apj  "•"  as;  a{^     aTvr  a{^  ">"  ai,,;  apy 


a/i  aT., 
"  ai;.,  aj?) 


ay, 
as. 

=  5,.  5,  -  T 

2       ay, c  c 

vr'        as,.  -  "^-1"^- 

^.v. 

ajj 
'     aS:  ^ 

S'.v^'. 

5v 

=  i(^ 

l<T,y  - 

'   2   ' 
-1 

(7,.  -  ff_-) 

(5.14 
'-1  ' 

2 

- 

as,- 
av 

=  ^ 

-1 

0 

0 

I   0   J 

,         Si_i, 

'     a<T  ^  3 

-1 
0 
0 
0 

>  . 

as,  _  1  _ 

an          3 

0 

0 

I   0 

ay, 
a^ 

=  2t,.,t,,  -  2S,T„,,     ^ 

■'-'  -  2t 

T-,-  -  25vT,,- 

ay, 

aC 

=  2t 

vr^vr  - 

-  25,T,_- 

(5.16) 

(5.15) 
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Table  5.4   (continued) 


•0 

•Q- 

'0' 

0 

0 

0 

0 

1 

0 

Si,,- 

-=' 

0 
0 

1 

at,  _  , 

0 
0 
0 

.         (5.17) 

.0 

0 

1 

■   i[2(6',5- 

-  4.)  -  (5,5-  -  Ti_)  -  (5,5,  -  tJ^,)] 

1 

3 

-(5v5- 

-  T%)  +  2(5,5-  -  4)  -  (5,5,  -  T^,,)] 

0{ai         ■ 

1 
3 

-(5,5, 

-  4)  -  2(5,5,  -  4)  +  (5,5,  -  T^,,)] 

2(t„t„  -  5,T„) 
2(t,,t„  -  5,T,,) 
2(t,,t,,  -  5,T,,) 

Equation  (5.18)  is  further  simplified  as 

f  1 
3 

25,,  5,  - 

5,5,  -  5,5,  -  2t;!__  +  T^.  +  tJ,; 

1 
3 

25v5,  - 

5,5,  -  5,5,  -  2t2__  -f  t2_.  -h  tJ,,' 

1 
3 

25,5,,  - 

5,5,  -  5,5,  -  2t2„  +  t2__  +  T_?; 

( 

• 

2 
2 
2 

T,,T 
T,,T 
T,,1 

.-V  -  5,T„,) 
=x  ~  5,Tj,,) 

,.-  -  5,T„) 

(5.18) 


(5.19) 


From  the  flow  rule  of  normality  principle,  the  following  relationship  exists  between  the 
plastic  strain  increment  and  the  plastic  stress  increment: 


d{s} 


^aw 


(5.20) 


This  equation  can  be  interpreted  as  requiring  the  normality  of  the  plastic  strain  increment 
vector  to  yield  the  surface  in  the  hyper-space  of  ;i  stress  dimensions.  As  before  d).  is  the 
proportionaUty  constant. 

For  stress  increments  of  infinitesimal  size,  the  change  of  strain  can  be  divided  into  elastic 
and  plastic  parts,  thus  (as  before) 

d{8}  =  d{8}^  +  d{s}^  (5.21) 

The  elastic  increment  of  stress  and  strain  is  related  to  an  isotropic  material  property 
matrix  [D]  by 

d{,}^  =  [D]-'d{a}         (5.22) 

From  Equation  (5.20)  -  (5.22)  the  following  equation  is  estabhshed: 

d{s}  =  [D]-'d{a}  +  dA{j^}         (5.23) 

The  function  stresses,  on  differentiation,  can  be  written  as 

df=§id<j,+£_da2  +  ...  +  0={^Y'd{a}         (5.24) 
Equation  (5.24)  together  with  (5.25)  can  be  written  in  matrix  form  as 


d{s}  =  [D];;d{a} 

or 


(5.25) 
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Table  5.4   (continued) 


dSy 

0 


[2P'] 


[D]-' 


df 

df 

df 

Sf 

df 

df 

8a, 

da,. 

a<T- 

dT„ 

9t,,- 

tfi-, 

da^ 

df_ 
da, 

df_ 
da^ 
_dt 
dz„- 

_§L 

Si,,. 
_df_ 
St„ 

0 


(  da, 

d(Jy 

da- 

<    dz„. 

dTyr 
dT:_y 

dX 


(5.26) 


Inversion  of  the  above  matrix  [£)]'''  will  give  stresses 

d{'^}  =  lDl^d{,}         (5.27) 

The  explicit  form  of  the  elasto-plastic  material  matrix  [I>]sp  is  given  by 

[DU  =  [D]   -[/)]{^}{^}Vl{^}Vl{^}"'         (5.28) 

The  value  of  {df/daj  has  been  evaluated  above. 

The  rest  of  the  procedure  using  finite  elernent  is  described  in  Chapter  3. 


Table  5.5   Five-parameter  model 


A  full  description  of  this  model  is  given  which  predicts  failure.  The  same  failure  surface  in 
terms  of  tensile  and  compressive  meridians  is  well  defined.  The  average  normal  stress  da 
is  given  by 


p(a„e)  =  ^         (5.29) 
c  =  2{pI  -  p^-)  cos  e 
t=(2p,p,-pl)[a';  +  5pl-4p,p,f- 
V  =  a'(  +  (p,  -  2p,)^ 


3/  _  df  dp  Ba„    I    dfdp  80    i    df  8i„ 
daif         dp  daa  da^j        dp  dO  da^j        din  da^j 


The  chain  rule  of  differentiation  is  used  in  order  to  evaluate  the  gradient  df/day 

(5.30) 
Values  for  the  terms  in  (5.30)  are  given  below: 

f=^A         (5.31a) 

dp         f{    p-  ^  ' 

where 


l&=i[te)fe)]-(^+oi;:     (5.31b) 

dc 

9(7a 


2  cos  Q 


11  ■>        ?-,dp^  dt 


dt 

9Pa 


\     dPi  ,  ,,  .dp^ 


(5.31c) 


K  +  5pf-4p,p,]'/^ 

_  (2p,p,-pJ)[(+10p,-8p,cos20-4pji^+(8p,cos=0-4p,)|^]  ^ 

2(,i"  +  5n2_4„  .  il/2  V     •  I 


2[a'|'+5pJ-4p^Pi] 


da.. 


I  =  (8pt  sin-  0  -  4p 


c)  da,,  ' 


(8p,cos2e  +  2p,-4p,)|^         (5.3  le 
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Table  5.5   (continued) 
From  Eq.  (5.30)  the  vectors  p^  and  P(  are  evaluated. 
In  Eq.  (3.3 le)  dp^/d„.^  is  taken  as 

^=V5ST  +  ^^         (5.31f) 
Similarly 


The  value  of  the  term  d„.Jd„..  is  already  known  and  equal  to  l/35,y. 

Once  the  gradient  is  known  the  elasto-plstic  fonnulation  described  in  Chapter  3  can  be  adopted. 


Table  5.6   Non-linear  bond  linkage  element 

The  Ahmlink  element  procedure  described  in  ~i4 — I  can  easily  be  included  in  the  finite 
element  analysis  by  adopting  the  following  steps: 

(a)  Calculate  the  incremental  slip  from  the  nodal  displacements: 

{A5,}  =  [r']{AC/,}         (5.32) 

where  /T"/  is  the  transformation  matrix  and  {~L,}  are  the  element  nodal  displacements. 
The  total  slip  at  iteration  /  is  calculated  as 

{5,}  =  {5,_|}  +  {A5,}         (5.33) 

(b)  Calculate  the  incremental  stress  based  on  the  bond  stress  at  iteration  i  —  I: 
{Affb,}  =  [£l,]{ffb,--i}{A5,}         (5.34) 

Total  stress  is  equal  to 

{db'lxoT  =  {'^b/-i}  +  {Affb,}         (5.35) 

(c)  Check  the  state  of  the  bond,  i.e.  whether  the  bond  is  broken  or  not,  and  calculate  the 
stress  accordingly. 

If /5~~  >  5ma.,(,  set  flag  'sat  =  I,  i.e.  bond  is  broken.  At  this  point,  the  bond  stress  is 

instantaneously  dropped  to  zero,  i.e.  {^5}  =  0.0,  where  {5max}  is  the  maximum  sKp  allowed. 

If  JS~~  <  5~,  calculate  the  bond  stress  which  is  compatible  with  the  slip,  S~.  This  is 
obtained  by  linear  interpolation  of  a  nonline  r  ~ond — slip  curve.  The  curve  is  simulated 
by  multi-linear  lines.  Figure  V  ~  gives  the  scheme  for  the  linear  interpolation.  Let  {o~^ 
be  the  bond  stress  compatible  with  the  sKp  S.  The  difference  between  {ab.}  and  {o~}  is 
treated  as  initial  stress  and  this  may  be  converted  into  nodal  loads  on  the  structure  under 


consideration. 

Ph       1     ►  y 

2,rfR|, 

Ib 

2r/ 

1            2dR^ 

r:: 

^ 

_ 

►- 

Yield  sections 

^ 

^ 
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Table  5.6   (continued) 

{Aao}  =  {abi}  -  {aQ         (536) 

The  correct  stress  is  written  as 

{f^wlcor  =  Wb,}  -  {Affn}         (5.37) 

(d)  Total  internal  equivalent  loads  and  residuals  are  calculated  as 

{^}intemal  =  '^''^[7'l^'{'^b/}       {^}  =  Wexlemal  "  {-^Imternal  (5-38) 

The  rest  of  the  procedure  is  the  same  as  for  the  other  above  cases. 


Table  5.7  Analytical  formulation  of  the  steel  liner 

[KhoASy  +  {Ft}  -  {M  =  0 
where 

Mtot  =  [^il  +  [^.1 

[A^tot]  =  total  stiffness  matrix,  [Ki\  =  liner  stiffness  matrix,  {K,]  =  a  stud  stiffness 
matrix,  {Fj-}  total  initial  load  vector,  R~}  =  total  external  load  vector 

=  quantities  corresponding  to  unknown  displacement  =  quantities  corresponding  to 
restrained  boundaries 

[K]„]{~5^.}  +  ^=0 

{c}  =[B]{h4 

-c'-}=P](~}-{e^}) 

=  anchor  shear  forces 

Fu.  =  /,     [B\'[D]{F.o}dv  =  [bY[D]{,,}  dci[J\d^dndi: 

The  plastic  buckling  matrix  is  given  by 

(K+XKa)F-Y  =  0 

where 

K  =  elasto-plastic  stiffness  matrix  as  a  function  of  the  current  state  of  plastic  deformation 
Kg  =  initial  stress  geometric  stiffness  matrix. 

The  determinant  \K+lKo\  =  0 

The  essential  equation  is  characteristically  triangularised  for  the  /th  loading  step  as 

{K  +  X^ICg)Fj  =  0 

Ac  =  I  +  Ep^Eps—  accuracy  parameter 
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Table  5.8   Material  matrices  typical  cracks  in  one,  two,  three  directions 


■0 

0 

0 

0 

0 

0 

0 
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(«23-^ 

-) 
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-  Direction  [D]*  = 
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Z),3-^ 

-) 

(«33-^ 

-) 
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0 

0 

0 

0 

/^'D44 
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0 

0 

0 

0 
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0 

.0 
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0 

0 

0 

P'D66 

'{" 

•  -fe) 

0 

K-^ 

') 

0 

0 

0 

0 

0 

0 

0 

0 

0 

(72 

-  Direction  [£>]*  = 

(031 
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0 
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) 

0 

0 

0 

0 

0 

0 

/3'D44 

0 

0 

0 

0 

0 
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P'Ds 
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0 

0 

0 

0 

0 

i)66 

■(- 

1  -B^j 

(- 

n-^) 

0 

0 

0 

0 

0-3 

-  Direction  [£»]*  = 

(«. 

DmDA 
D„    ) 

0 

(- 

0 

0 
0 

0 
0 

0 
0 

0 
0 

0 

0 

0 

044 

0 

0 

0 

0 

0 

0       / 

3'D,s 

0 

exceeding  the  vertical  components  of  the  shear  resistance  and  normal  stress  on 
the  inclined  failure  surface  of  the  core.  The  vessel  is  assumed  to  deform.  Several 
flexural  and  shear  modes  are  considered.  Cracks  are  assumed  to  develop  at 
different  positions  in  the  wall  and  the  cap.  Strains,  stresses  and  crack  widths  are 
computed  under  each  mode.  Several  concrete  strength  criteria  are  included  for 
comparison.  Each  failure  mode  is  judged  against  the  following  criteria: 

(a)  exceeding  the  minimum  rupturing  strength  of  the  tendons, 

(b)  exceeding  concrete  strength  under  complex  loads, 

(c)  limiting  crack  sizes  affecting  the  integrity  of  the  vessel, 

(d)  rupturing  strength  of  the  liner  crossing  the  crack.  Any  one  of  these  cases,  if 
reached,  will  define  the  failure  of  the  vessel.  The  gas  pressure  that  causes 
these  is  treated  to  have  a  minimum  value. 


5.15.1  Analysis  of  Flexural  Failure 


Generally  the  symmetry  dictates  and  it  is  also  evident  from  the  experimental  test 
[10-15]  that  one  hinge  should  form  at  the  equator  and  the  position  of  any 
haunch  hinge  is  determined  by  considering  the  equilibrium  of  the  mechanism 
with  various  assumed  hinge  positions  at  the  junction  of  the  cap  and  the  wall. 
Figure  5.28  shows  a  slice  of  the  vessel  between  the  two  radial  yield  Hues.  The 
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internal  height  of  the  main  cavity  is  2H[.  The  internal  and  external  radii  are  Ri 
and  R^,  respectively.  For  distinction  the  main  cavity  is  subject  to  the  internal 
gas  pressure  Pc  and  where  boilers  or  circulators  exist  in  the  vessel  walls  the 
internal  gas  pressure  is  denoted  by  /'gb-  As  before  the  top  cap  standpipes/ 
control  rods  are  shown  as  each  having  a  diameter  of  2i?p.  Where  boilers/ 
circulators  exist,  the  diameter  of  each  boiler  is  denoted  by  2R^  with  an  assumed 
pressurised  height  H^  above  or  below  the  equator.  Let  e'  e!  £!L.  be  the 
circumferential  strain  at  the  hinge  at  any  distance  Z,  the  circumferential  strain 
at  the  top  of  the  cap  and  the  circumferential  strain  at  the  equator,  respectively. 
The  total  cap  pressure  P^  acts  at  a  distance  X  from  the  central  line  of  the  vessel. 
The  total  vertical  prestressing  load  F^  or  F\  defined  earher  acts  at  a  centroid  at 
a  distance  'a'  from  the  outside  face  of  the  vessel  or  R'  from  the  central  hne  of  the 
vessel.  Under  incremental  pressure  or  during  deformation,  all  the  above  para- 
meters do  vary,  particularly  the  magnitude  of  the  pressure  and  prestressing 
loads  and  their  centroids  for  specific  values  of  strains  and  deformations.  As  the 
vessel  deforms  and  cracks  are  propagating,  the  depth  of  the  compression  block 
at  the  hinge  such  as  .Xp,  Xb  and  x„.  changes.  It  is  essential  to  assume  the  shape  of 
the  compressive  block  before  developing  the  equihbrium  equations  defining 
various  incremental  stages  and  ultimate  conditions. 


5.15.1.1  Concrete  Stress  Block 

For  the  ultimate  limit  state  conditions,  the  stress  block  given  in  Fig.  5.28  is 
adopted.  The  general  flexural  theory  may  be  modified  to  include  tendon  strain 
fipb  at  ultimate  conditions  which  is  made  up  of  the  two  parts,  namely  Sps,  the 
effective  tendon  prestress  after  losses  as  dictated  earlier,  and  the  additional 
strains  £pa  =  Sce  +  £u,  as  shown  later  on.  The  value  of  Sce  =  i^jE^x  the  concrete 
prestress  at  the  tendon  level  and  the  value  of  £„  is  the  average  concrete  strain  at 
the  level  of  the  tendon  at  ultimate  conditions.  This  of  course  is  true  for  a  bonded 
tendon.  For  an  unbonded  tendon  Epa  is  always  less  than  the  algebraic  sum  office 
and  £u  In  general  £pa  is  written  as 


f^pa 


mi£e  +  W2£u  (5.39) 


For  bonded  tendon  in  the  vessel  nii  =m2=  1 .  In  the  examples  chosen  where 
unbonded  tendons  are  used,  the  values  of  «ii  and  mj  are  assumed  to  be  0.5  and 
0.25,  respectively,  as  are  normally  assumed  for  heavy  beams  and  slabs. 


5.15.1.2  Barrel  Wall 

For  the  limit  state  flexural  analysis  of  the  barrel  wall.  Fig.  5.28  shows  one-half 
of  the  barrel  wall.  The  equations  of  equihbrium  offerees  on  the  wall  have  been 
computed  and  are  given  below.  The  axial  force  F\  on  segment  20  is  then 
related  as 
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f 


^sp-t^j: 


npciRJ  +  noRl) 


-^C^C  "T  -^S-^Sp 


M<o  -  O^E  -  i? 


2(Fo  +  Tf) 


0.45ffcu(^E  +  ^i)sm( 
Z(//i  +  d) 


(5.40) 


^Elfipc        Epsj^^fl       O.45(Teu(i?E  +  ^l)sin0J 

{Hi  +  d){Hi-d-z) 


Since  /"'i  is  a  function  of  Pg  for  iterative  solutions  on  tiie  computer,  it  will  be 
convenient  to  separate  constant  terms  from  the  F'l  and  Pq  dependent  terms. 

Fy  Dependent  Terms 


1  +-AspEs 
n 


or 


^e(£;c  -  £ps) 


1 


^E(£pc  -  e'  ) 


Z{Hi+d)    {0.225a,n{RE  +  R\)sin0j       {Hi  +  d){Hi  -  d- Z) 
1 


Ki  = 


1 


O.45(7cu(i?£  +  i?i)sin0 


'^pb        ^ps 


^pc        ^ps 


(ffcu(^E  +  ^i)sin0)(//i +(/)  {0.225Z      0A5{Hi+dZ) 
Equation  (5.41)  is  common  for  all  the  vessels. 


(5.41) 


Po  Dependent  Terms 


isp 


or 


(5.42) 


Ki  =  0{RJ  +  ribRl) 


^Sp'-'^S 


iIq.Aq        il/^A^p 


1 


(5.42a) 


Equation  (5.42a)  can  be  used  directly  for  the  HTGCR  and  Hartlepool  vessels. 
For  the  Dungeness  B  and  Oldbury  vessels,  equation  (5.42a)  is  reduced  to 


K2 


a  n2  I      E^Ac-Ey, 


.C-c^C     I    -^s^sp 


(5.43) 
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A3  — 


(4-e'  )LRE  +  i? 


0.225(Tcu(i?E  +  ^i)sinO 


O.45(Tcu(i?E  +  ^i)sin0y 


where 


(Hi-d-Z) 


ffpb  =  (£ps  +  £1  +  £pp  +  £cpv)  X  ^s 


(5.44) 


(5.45) 


It  is  initially  assumed  that,  ffpb  <  pu . .  .where  pu the  circumferential 

strain  when  the  circumferential  bands  or  tendons  yield. 


Evaluation  of  Strain  and  Stresses 
(a)  £ps  stress  in  tendons/iis 


(b) 


£1  —  T^  -^c 


E,.A 


s--^sp 


(5.46) 


where  A^.  ~  rc(-/?|  ~  ^1  ^  «b  -  ^Rji) 
Asp  =  area  prestressing  steel 

(c)  £pp  and  Ecpt.  Figure  J. 4  shows  the  top  half  of  the  barrel  wall  in  a  rotated 
position.  Line  A  -  A  is  centroid  of  the  vertical  tendon.  Various  displace- 
ments are  related  which  are  given  below: 


'5t  ReKh  -  C) 


(RE-Fi-t-  .Yi)        (/  -  Xw) 


(5.47) 


Therefore 


4  +  ^T  =  ^^^'Pb     '^'\re  -Ri-t-x,  +  t-x^}  (5.48) 


Hence 
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^^~  Hy+d 

where  6^  and  (57-are  defined  in  Fig.  1.4  and  thickness  of  the  cap. 
Then 

_      8'      _  ^E(£pc-eps)(«--'^i) 
''"P"  ^H^Td~{Hi+d){Hy  -d-Z) 


(5.49) 


(5.50) 


where  a  is  the  distance  from  the  outside  face  to  the  centroid  of  the  vertical 
tendons. 

£ps  =  Strain  at  transferless  losses  including  those  due  to  creep  effect. 

£i  =  elastic  strain  due  to  gas  pressure,  Spp  strain  due  to  rigid  plastic  rotation  of 
the  barrel,  E^.p,  strain  due  to  rigid  plastic  rotation  of  the  cap.  The  general 
equation  for  F'  in  the  abbreviated  form  is  now  given  by 

i^;=|i'o|  (5.50) 

Now  the  pressure  Pq  to  hold  forces  due  to  prestressing  tendons,  bonded  steel 
reinforcement,  hner  steel  and  concrete  for  specified  values  of  Z,  Sp^,  and  e'  can 
be  found  by  taking  first  moments  about  the  haunch  hinge  zone  at  Z.  Referring 
to  the  previous  equations,  the  equating  moments  are 

?wi  or^wjfz-^yj    +  PGB.2i?BZ(2sin  0)|  = 

/  z2\     ^^-'^^ 

Mht  or  MHB+ME+^(r(Z-ZB))  +  ^f  (^b  +  ffrft+^SLffw)  yJ 

In  this  case  _Po8  =  -Po.  the  second  term  on  the  left-hand  side  of  equation  (^is 
zero  for  the  Oldbury  and  the  Dungeness  B  vessels.  The  value  of  T,  the  radial 
component  of  force  from  the  circumferential  tendons  or  bands,  is  given  by 

r  =  dps   X   A\^„   X   2  sin  0 

(5.52) 
P,yx  or  Pw2  =  Pai^Ri  sin  O.H{) 

The  expression  for  the  moment  M  derived  earlier  is  now  the  hinge  moment 
Mht  or  Mhb  and  M^  depending  on  the  respective  positions.  Substituting 
equation  (~^T  into  the  above  equations  the  following  relationship  between 
gas  pressure  and  hinge  moment  is  obtained: 


Mht  or  Mhb  +  Me  =  C,{dy  -x)+  F^^^.idy  -  d') 


—  Pc+  — 


{de  -  e) 

(5.53) 


PG  +  -Er]{d,-d,  +  e-x)  +  Tp{di  -x)+  F^^  -  d') 
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Now  take  the  same  segment  26  representing  the  top  and  bottom  cap.  For 
computer  simulation  procedure  the  segmental  angle  is  given  a  new  rotation  2(|) 
which  will  differentiate  between  the  barrel  wall  rotation  and  the  cap  rotation 
and  will  also  assess  distinctly  the  compatibility  between  them.  Hence  for  both 
the  top  and  the  bottom  caps  the  segmental  angle  2(^  =  20  is  retained  throughout 
in  the  calculations. 

The  cap  is  subject  to  disturbing  forces  and  moments  due  to  gas  pressures. 
The  restoring  forces  and  moments  are  due  to 

(a)  vertical  compression  of  longitudinal  prestressing  tendons,  bonded  reinfor- 
cement and  the  liner  causing  a  yield  line  moment  m,  of  the  transverse  yield 
lines  per  unit  length; 

(b)  radial  compression  due  to  circumferential  prestress,  bonded  reinforcement 
and  the  internal  pressure  acting  on  the  barrel  wall. 

The  equilibrium  equations  can  be  established  by  taking  moments  about  a 
hne  passing  through  the  centroid  of  the  longitudinal  tendons.  This  is  the  point 
about  which  Mht  and  Mj^  have  previously  been  calculated.  Similar  to  the 
barrel  wall  the  equiUbrium  equation  for  the  caps  can  be  derived. 

Total  pressure  P,  (Fig.  1.4) 

PoTzRl^  +  PaBnbTiRl^ 

271  "27r  (5.54) 

Pg^RI  +  PoBtih^Rl 

The  centroid  X  has  already  been  evaluated  eadier.  The  relationship  between 
circumferential  tendon  forces  T^h  and  Pq  given  for  various  cases  can  now  be 
easily  derived.  This  pressure  Pq  is  required  to  maintain  the  cap  in  equihbrium 
for  specified  values  of  Z,  t  and 

As  the  cap  is  divided  into  radial  and  transverse  yield  lines,  they  have  their 
individual  plastic  moments  which  help  in  restoring  the  cap  to  equilibrium.  Let  m^ 
be  the  plastic  moment  per  unit  length  of  the  radial  yield  lines.  The  total  length  of 
any  two  radial  lines  is  (2 RE — np2Rj,)  where  «,  is  the  number  of  penetrations  each 
having  a  radius  i?p  crossing  the  yield  lines.  Similarly  m^  is  the  plastic  moment  of 
the  transverse  yield  lines  per  unit  length  with  a  total  length  of  this  type  of  yield  line 
2(i?E — a).  In  addition  there  is  a  pressure  Pp^^  due  to  circumferential  tendons.  The 
equilibrium  equations  can  therefore  be  written  as 

^Pq{R]  +  n^Rl)  [Ri,-a--Ri  -^'"^ ' 


3    '     (|) 


„„:,.,;,  sm 

Dv/R^  sm  cp    I  —  a 


<\> 


Pg  +  y)  («)  +  ^f(^i  -  ^)  +  -^bstl^  -  d')  (5.55) 
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2(i?E-np^pSm(t)) 


^{(^h'pEsE.-^')  -  PGi2n^,RB)Hi  +d-  (HiRi) 

Zb=i 

+2Asbffyh{di  -x)+  A"y,(Tscy{d\  -  d')} 
-  2 sin ^ J  ^  (T'h)  +  ^sbf^rftZ  [  (^1  +  f  -  ^ 


-5^   (rH)(//,+--ZB) 

Zb<i  \ 


2  sin  (|)Pg(^i^i  +  2RbZ)  [Hi+^-Z 
2R^{H^~Z)(h,+^^^^^~Z 


(5.56) 


The  above  term  i'HcijCe)  is  evaluated  which  is  a  moment  of  the  radial  forces 
about  the  centre  line  of  the  cap.  These  are  due  to  shear  forces  at  the  hinge  at  Z 
and  circumferential  tendons  and  any  other  pressure  forces  acting  above  the 
position  Z  of  the  hinge.  Using  Figs.  5.29  and  5.30  the  breakdown  of  these  forces 
and  moments  is  given  below: 


(a)  Circumferential  prestresses  below  the  hinge  Zb  <  Z 

Ml  == -2  sm  (^  ^  (Th)  ('^i  + 1  -  z") 


(5.57) 


(b)  Circumferential  prestresses  below  the  hinge  Zb  >  Z 


M2  =  -2sin^  J2iTn)[Hi+--Z 

Zb<Z 


d 

2 


(5.58) 


(c)  Boiler  pressure  Fob  Zb  <  Z 


Ma  =  +  sin  <^PaB2RB  [Hi+--Z 


(5.59) 


(d)  Boiler  pressure  /"qb  Zb  >  Z 


M4  =  +  2  sin  <\>PGB2RB{Hii  -  Z)  (  //j  + 1  -  ^°^   ^ 


(5.60) 
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(e)  Gas  internal  pressure  Pq 

M5^2sm<i>PGR\Hi(Hi+'--z\  (5.61) 

(f)  Bonded  reinforcement  T^ 

Mg  -  2 sin ^^sbTybzf //|  +'^-z)  (5.62) 


5.15.1.3  Crack  Sizes 

The  major  cracks  are  as  follws: 

•  Horizontal  cracks  at  haunch  Wth  and  M'bh 

•  Longitudinal  and  horizontal  cracks  it'ei  and  it'eh 

•  Substituting  t,  I  and  e  represent  a  top,  bottom  and  equator  of  the  vessel. 
Before  computing  the  crack  width,  the  barrel  wall  and  the  cap  rotation  a^ 
and  a,.,  respectively,  are  evaluated.  The  relevant  strain  used  for  these  rota- 
tions are  Ep^,  £pj,  and  £pc 

«B  =  (£;b-e;,)/?EZ  (5.63) 

ae  =  (e;b  -  4s)  R^/{Hx+cl~  Z)  (5.64) 

Next  the  depth  of  the  crack  is  evaluated.  From  the  geometry  (Fig.  5.28)  it  is 
easy  to  compare  the  crack  depth  4  given  by 

k  =  [{Re  ~Ri~  xf  +  (Z-  i/i)-]'/'  (5.65) 

where  x  is  a  typical  value  for  Xj  or  Xb.  Then  crack  width 

H'thOrW^tb  =  («B  +  «c)-/c^,^  ^^'^_         |(£^b-E[,J— i— ^ +(£pc-£'pj| 

x[{RE~Ri~x)-  +  {Z-Hif]"- 

The  longitudinal  crack  width  at  the  equator  w^\  is  computed  as 

PF,  =  27ri?E(e;b-'='ps)^  (5.67) 

The  horizontal  crack  width  at  the  equator  u'eh  is  computed  as 
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H/h  =  i?E   e? 


'pb 


"ps 


H,+d 


Hi+d-Z 


(5.68) 


5.15.1.4  Additional  Mechanisms  in  Caps 

Once  the  vessel  starts  developing  tensile  cracks,  only  aggregate  interlock  fric- 
tion and  bonded  steel  reinforcement  prevents  the  formation  of  one  large  crack. 
In  zones  where  the  reinforcement  is  not  sufficient  additional  cracks  form  in  the 
cap  area  vertically  [10-15]  near  the  haunch  and  at  the  standpipe  perimeter 
(central  plug)  due  to  cap  fixture-cum-shear.  Under  pure  flexural  conditions, 
the  additional  hinges  form  in  the  cap,  say,  at  any  distance  2ReP  as  shown  in  Fig. 
5.55.  It  is  assumed  that  lateral  restraint  is  provided  to  the  cap  due  to  barrel  and 
cap  circumferential  prestressing  and  no  vertical  translation  occurs  between  the 
hinge  and  the  external  boundary  or  rim  of  the  cap.  This  assumption  demands 
that  analysis  should  include  the  effect  on  the  compressive  membrane  action  of 
this  partial  restraint  against  lateral  displacement  at  the  rim  and  the  radial  strain 
in  the  plane  of  the  cap.  The  radial  strain  e-j.  is  assumed  to  be  the  algebraic  sum  of 
l^c,  the  creep  strain  Zj,  the  shrinkage  strain  and  Zg  the  elastic  strain. 

The  total  radial  strain  Et=  ££+£,,  +  £,,  is  assumed  to  be  constant  since  elastic  or 
membrane  forces  due  to  these  are  constant.  Because  of  the  value  of  C7-,  the  middle 
portion  BC  between  the  yield  and  cracked  zone  will  be  reduced  by  2Re£x  (1  — 2/J). 
This  will  cause  an  outward  lateral  displacement  Oq  at  the  haunch  boundaries  A 
and  B  or  C  and  D  as  shown  in  Fig.  5.55  owing  to  the  same  C7  the  dimensions  AB 
or  CD  wiU  decrease  AB  by  2ReP  (1-2(3).  Hence  due  to  the  total  movement  caused 
by  £x  and  Sq,  the  final  reduced  dimension  R'  will  become 


R'  =  [2RE{f!  +  £r(l  -  2[S)  +  8,)]  sec  a. 


(5.69) 


where  a^  is  the  cap  rotation.  - 

Let  the  distances  to  the  neutral  axes  from  the  compressed  faces  of  the  concrete 
at  the  sagging  and  hogging  conditions  be  the  two  values  of  x,  i.e.  Xi  and  xj-  These 
values  of  Xi  and  xj  can  be  evaluated  in  the  same  way  as  before.  Due  to  the 
inclusion  of  membrane  forces,  the  value  of  x  may  not  be  equal  to  Xi  or  X2,  during 
incremental  deformation.  Assume  Xi  =  n^d  and  X2  =  «2<^.  (Fig.  5.56).  The 
equations  for  «/  and  «2,  F^-,  ^c  are  written  as 


(1  —  «2)'^tanac  +  2Rz{\  —  £)./?«ic/tanac 

2,(3Rb 


(5.70) 


Fig.  5.55  Collapse 
mechanism 
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Fig.  5.56  Portion  of  a 
YIELD  SECTION 


Crack  width 


_Fbst-T^ 


Crack  width 


R'  =  ZfiR^+e^^  {1-2;3).2Re  +  5 


From  Eqs.  (5.69)  and  (5.70) 

[2ReP  +  2i?E£T ( 1  -  2P)  +  So]  -  2i?E (i?  -  £i8)  cos  a. 


or 


1  -  («i  +«2) 


«1  +  «2  =  1 


Jsinac 


2Re{P  ~  £t(1  -  2P)  ^{p-  £T)cosae}  +  So 
ds'mar 


i?E{sin  f +/?£Cosac  +  2r(l  -2/?)}  +  Sg 


(5.71) 


dsinar 


For  membrane  forces  «(.  and  ej  are  very  small  values  therefore  it  is  assumed 
that 


sin  Mc  =  2  sin^  =  S'./f]{2RE) 


(5.72) 

where  S[  is  the  deflection  of  the  cap  at  yield  zone.  Hence  Eq.  (5.71)  is  written  as 

(5.73) 


,       r<5'.       4RlB       „  ^„  S„ 

"'+«^-^-|27/+(^^-^  +  ^^-2^'=^  +  2^ 

If  the  crack  occurs  around  the  standpipe  perimeter  or  the  central  plug  the 
hinges  at  B  and  C  will  be  at  equal  distance  from  A  and  D,  respectively.  In  that 
case  equation  (5.73)  is  modified  by  replacing  (ej-  —  2^£j  +  2^)  with  (ej-  +  2^). 
Proceeding  as  above  Eq.  (B.  8  1)  then  assumes  the  following  form: 


1       ;  ^'-   ,    4i?E/^    f     ^   S„\ 


2d     {d){S!)  V         2ReJ 
The  equihbrium  of  horizontal  forces  acting  on  zone  AB 

F,  =  F{ 


(5.74) 
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or 


Therefore 


Q  +  r '  - Tf  =  c'  +  n-T' 


«2  —  «1  = 


(5.75) 


(5.76) 


"'=4d 


2d -5 


,      («T  +  2fe).4i?|/?      n-T^^T^  +  T^ 


0.225ffcu 


(5.77) 


1 

Ad 


2d  ^3' 


{^■T  +  ^)-4RU 


51 


n 


Ti 


0.225f7c 


(5.78) 


Equations  (5.77)  and  (5.78)  indicate  that  the  values  of  «i  and  ;72  do  differ  as 
stated  earHer  and  the  term  (£7-+  (3o/2Re))  in  the  same  equations  merely  signifies 
the  reduction  in  the  depth  to  the  neutral  axis  at  the  cracked  sections.  For  the 
sagging  part  of  the  cracked  section,  the  forces  C,.,  T^  and  Tf  are  statically 
equivalent  to  the  membrane  force  F^,  at  mid-depth.  Hence 


F.^Cc  +  Ti-Tr^  0.45(7cu.«i^+  T'  -  Tp. 


(5.78) 


Various  values  in  Eq.  (5.78)  have  already  been  defined.  The  moment  M  caused 
by  these  forces  is  computed  as 


^0A5ffcunid(-d-K3nidj  +T'^(-d^d'j  +  xJdi  ~ -d 


(5.79) 


where  ^3  is  already  defined. 

The  moment  M^  then  replaces  all  the  terms  in  the  previous  equations,  except 
the  terms  Fy{d^  —  e)  or  F^.a  respectively.  Wherever  necessary,  equations  are 
similarly  adjusted  to  include  the  above  terms.  For  Hogging  moment  MJ  for 
yield  or  cracked  sections  is  similar  to  equation  5.79  and  can  be  computed  by 
replacing  «i  by  «2-  The  summation  of  moments  for,  say,  AB  or  CD  portions  due 
to  the  above  stress  resultants  at  one  end  for  a  segment  of  2^  will  be  given  by 
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80) 


=  0A5ffJ^d^{l^K,)+^5[.d{2K,-3) 

+  TF(di--d+^\{2&in(\>) 

From  the  barrel  wall  rotation  caused  by  the  eccentric  prestressing  about  the 
haunch  hinge  the  moment  value  is 

MpB  =  2F,  (e  +  x-'^=2  sin  c^  (^^  .Pa  +  §)  (^^  +  ^  -  fj  (5-81) 

This  term  is  algebraically  added  to  Eq.  (5.82).  Hence  Mht,  ^hb  of  previous 
equations  are  written  in  an  abbreviated  form  as 

Mht  or  Mhb  =  ^^+  ^pb  (5.82) 

The  new  values  of  Mht,  ^h  from  Eq.(5.83)  are  then  used  and  the  intermediate 
equations  are  similarly  adjusted  accordingly  for  the  redevelopement  of  the 
interaction  equation. 

5.15.1.5  Load  Variation  Due  Radial  Prestressing  in  Caps 

In  the  Oldbury  vessel  a  sUght  variation  to  the  above  equations  is  necessary  for 
computing  forces  and  moments.  As  stated  in  both  the  top  and  bottom  caps  of 
the  Oldbury  vessel  the  tendons  are  arranged  horizontally  in  layers  which  form  a 
square  mesh  in  plan  view.  As  shown  in  Figs.  5.55  and  5.56  both  top  and  bottom 
caps  are  divided  into  shces.  Equations  are  modified  to  include  the  term 


;=1 
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The  final  equation  is  then  written  as 


(^PgRHRe  -  a  -  3  ^/^  =  DuRe sin^ (  1  -  a  -  — ^ j  +  [y^°+y)  ^"^ 

n 

±J2iPHi-  Y+  F,i.Ri)  +  2{Re-  npRpSin  <\>) 

J2  [{A^E,e^K')  +  PGHiRi  +  2A[^ayh{dx  -x)+Aly,G,,y{dx  -d')\ 
(The  term  {—UpRp  sin  cj))  is  zero  from  bottom  cap) 


!=1 


2 sin ^ I  ^  ( Th)  +  Ai^cTyhZ)  \(hi+^-Z 


(5.83) 
+  ^  TH(Hi+^-ZB)+2smi\>PG-iRiHi)(Hi+^-z\ 

Equation  (5.84)  can  then  be  recalled  as  an  independent  sub-routine  in  a  com- 
puter program  in  solving  this  specific  case. 


Ultimate  Limit  State  of  Shear  Analysis 

Basic  concept:  The  failure  of  concrete  under  complex  loading  has  been  ade- 
quately discussed  in  the  references.  In  this  section  a  further  explanation  is 
required  regarding  the  so-called  'shear  failure'  under  gas  increasing  pressure. 

The  concept  of  shear  failure  in  thick  sections  of  brittle  material  such  as 
concrete  is  obscure  and  in  many  instances  it  could  be  misleading.  One  clear 
concept  is  that  concrete  failure  can  easily  be  put  to  the  test  if  it  is  assumed  that  it 
is  governed  by  the  principal  tensile  and  compressive  stress  caused  by  the  so- 
called  'shear'.  The  problem  with  this  simple  concept  is  the  limitation  on  these 
stresses.  In  the  prestressed  concrete  reactor  vessels  due  to  variations  in  loading 
conditions  these  principal  stresses  at  any  time  at  any  point  may  vary  from 
biaxial  and  triaxial  compression  to  compression — tension — tension  in  any 
combination.  These  instant  changes  can  bring  about  any  kind  of  failure.  For 
example,  it  may  be  pure  flexural-cumnominal  shear  failure  or  principal  tensile 
or  compressive  failure  or  by  the  so-called  shear  compression  failure  or  in  any 
combination  of  these.  It  must  be  borne  in  mind  that  the  type  of  failure  is  directly 
related  to  the  vessel  overall  layout.  Before  discussing  the  individual  sample 
examples,  it  is  necessary  to  know  what  the  above-mentioned  terms  are  and  what 
effect  they  have  on  the  prestressed  concrete  vessels. 
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(a)  Flexural-cum-Nominal  Shear 

As  evident  from  previous  discussions,  flexural  failure  occurs  by  the  formation 
of  principal  tensile  or  bending  cracks  followed  by  the  crushing  of  the  compres- 
sive zone.  This  may  have  been  preceded  by  the  yielding  or  breaking  of  steel  in 
the  vessel.  In  zones  where  nominal  shear  governs,  the  failure  will  take  place 
along  planes  parallel  to  the  direction  of  the  applied  loads.  In  some  zones  a 
certain  magnitude  of  shear  resistance  is  provided  side  by  side  with  the  flexural 
failure  case. 


(b)  Principal  Tensile  Failure 

Failure  can  take  place  by  inclined  principal  tensile  cracks  produced  by  inclined 
principal  tensile  stresses  in  zones  of  larger  shear.  These  cracks  can  spread 
rapidly  through  the  section  across  the  compression  zone.  Unless  conventional 
steel  reinforcements  are  present  in  such  zones,  an  internal  redistribution  of 
forces  is  not  possible. 


(c)  Principal  Compressive  Failure 

Depending  upon  the  low  span/depth  ratio,  there  is  a  possibihty  for  the  vessel 
components,  like  a  short  deep  beam,  to  fail  directly  in  compression  as  a  tied  arch 
or  truss. 


(d)  Shear  Compressive  Failure 

This  term  is  normally  associated  with  shorter  deeper  beams.  Failure  takes  place 
when  the  compression  zone,  after  its  reduction  in  size  due  to  cracking,  fails 
under  combined  action  of  triaxial  compression  and  shear  stresses.  This  failure 
type  can  happen  at  principal  tensile  cracks.  The  limitation  to  this  shear  com- 
pression is  that  the  average  compressive  stress  in  the  concrete  has  only  been 
found  at  failure  in  pure  flexure.  As  it  is  based  on  extreme  concrete  fibre  reaching 
its  limiting  strain  it  is  possible  that  'shear'  failure  can  occur  on  an  inchned  plane 
near  the  centre  of  a  compression  zone.  In  the  vessel  the  haunch  hinge  is  under  a 
multiaxial  state  of  stress  due  to  prestressing  bonded  steel,  liner  and  penetra- 
tions. This  zone  will  in  that  case  resist  shear  compression  failure. 

However,  principal  stresses  and  consequently  the  cracks  they  cause,  may 
appear  in  a  number  of  different  positions  depending  upon  the  relative  magni- 
tudes of  loads,  moments  and  'shear'  carried  by  the  section.  Significant  differ- 
ences occur  among  isolated  cap  tests  and  full  model  tests.  Reported  ultimate 
load  tests  for  Oldbury  and  Bungeness  B  vessels  consider  each  vessel  to  be 
initially  broken  up  into  an  open-ended  cylinder  and  two  end  slabs.  The  mechan- 
isms of  this  initial  break-up,  however,  appear  to  be  in  disagreement  with  each 
other.  For  the  Oldbury  analysis,  the  slab  was  separated  from  the  barrel  by  a 
plastic  hinge  at  the  junction  of  the  slab  and  barrel. 
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A  shear-compression  failure  mechanism  on  the  other  hand  was  adopted  for 
the  Dungeness  B  vessel  analysis.  Of  even  greater  disparity  between  the  two 
analyses  were  the  mechanisms  and  modes  of  failure  adopted  to  predict  the 
ultimate  pressure  or  to  prove  that  the  ultimate  load  factor  was  higher  than  the 
adopted  factors  for  the  slab  and  the  barrel.  For  the  barrel,  the  Oldbury  analysis 
apparently  favoured  the  modes  of  failure  through  the  formation  of  a  plastic 
hinge  at  the  mid-height  of  the  barrel.  For  Hartlepool  (20  g,  24Aa,  24Ae)  the 
one-tenth  scale  model  tests  carried  out  gave  flexural  cracking  in  top  cap  but 
with  isolated  cap  tests  plug  failure  similar  to  the  Dungeness  B  has  been  observed 
which  is  claimed  to  be  due  to  shear  compression  and  inclined  tensile  cracking 
phenomena.  Other  tests  have  reported  either  flexural  or  shear  plug  failure. 


Shear  in  Barrel  Wall  and  Caps 

The  present  analysis  is  based  on  gas  increasing  pressure  and  progressive  incre- 
mental deformation.  Any  of  the  above-mentioned  'shear'  failure  conditions 
caused  by  the  net  difference  of  the  instantaneous  inward  and  outward  vessel 
forces  can  be  automatically  handled  provided  sufficient  mathematical  tools  and 
iterative  techniques  are  available.  A  separate  analysis  is  required  for  both  the 
barrel  wall  and  the  caps.  Concrete  failure  criteria  have  been  discussed  pre- 
viously. Some  of  the  concrete  strength  theories  discussed  in  this  chapter  are 
reproduced  in  the  following  order: 

(a)  Mohr's  theory  based  on  octahedral  shear  and  normal  stresses. 

(b)  Biaxial  compression  state. 

(c)  Combined  compression-tension  state. 

(d)  Empirical  for  shear  derived  from  actual  vessel  data  using  hypo-elastic 
concept. 

Any  one  of  the  above  is  associated  with  a  straight  line  and  parabolic  stress 
variation.  The  above  equations  can  be  arranged  so  that  they  can  be  linked  up 
with  those  of  the  ultimate  limit  state  of  flexure  for  both  wall  and  caps.  For  each 
incremental  deformation  of  the  vessel,  these  equations  can  be  tested  for  any 
premature  'shear  failure'  intervening  flexural  failure. 


Barrel  'Shear' 

The  shear  forces  at  any  position  of  the  hinge  Z  ^  Zb  for  each  vessel  incre- 
mental deformation  can  be  found  by  resolving  inward  forces  due  to  prestres- 
sing  liner  and  bonded  reinforcement  and  outward  radial  forces  due  to  gas 
pressures  from  the  main  cavity  with  and  without  gas  pressures  in  the  boiler 
penetrations.  The  net  force  divided  by  the  area  of  the  concrete  at  that  position 
is  the  shear  stress. 
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Cap  'Shear' 

The  elastic  analyses  of  many  vessels  indicate  that  everywhere  except  at  the 
centre  of  the  cap  the  circumferential  tensile  stresses  are  greater  than  the  radial 
stresses  and  they  cause  flexural  mode  of  failure  by  breaking  up  the  cap  into  a 
series  of  wedges  with  their  apices  at  the  centre  of  the  cap.  In  addition  to  this 
mode  of  failure  the  resistance  of  the  compressive  area  in  the  standpipe  region  is 
generally  reduced  and  it  finally  develops  a  circumferential  plane  of  weakness  at 
the  outside  perimeter  of  the  standpipes.  The  Dungeness  B  model  tests  show  a 
complete  punched-out  failure  of  the  central  core  of  the  cap.  Failure  has 
occurred  when  the  force  due  to  the  internal  gas  pressure  Pq  exceeded  the  vertical 
components  of  the  shear  resistance  and  normal  stress  on  the  inchned  failure 
surface  of  the  core.  Figure  5.30  shows  the  equihbrium  forces  on  the  central  core 
having  sloping  surfaces.  The  normal  force  and  the  shear  force  components  are 
represented  by  A^  and  Q.  It  is  assumed  that  they  act  on  single  straight  lines  of 
intersection  between  the  failure  surface  and  the  radial  plane  of  the  cap.  The 
angle  of  failure  y  is  considered  as  the  rupture  angle  corresponding  to  the 
minimum  pressure  required  to  punch  out  the  core.  At  the  point  of  shding  the 
shear  resistance  on  the  failure  surface  is  dependent  on  the  normal  stress.  Once 
the  relationship  between  the  shear  resistance  and  the  normal  stress  is  established 
then  it  is  not  difficult  to  determine  the  failure  pressure  for  the  core.  As  indicated 
in  this  case  the  distances  x^  and  X2  which  are  the  inner  and  outer  radii  of  the 
central  core  are  dependent  on  the  angle  }■.  Let  Z,.  be  the  vertical  distance  from 
the  top  of  the  cap  to  any  point  on  the  sloping  surface  at  a  horizontal  distance  R^ 
from  the  circumferential  plane  of  weakness  as  shown  in  Fig.  5.31.  The  radial 
forces  Ph()>  are  known  from  previous  equations.  Let  the  shear  stress  in  the 
Rx—Z,  plane  be  t^^  and  the  radial  thrust  on  the  inner  core  be  Phi,  the  minimum 
value  of  which  is  Ph()>-  The  upper  value  of  Phi  is  given  from  Fig.  5.31  as 

:?;.,  =  |^.?//c^+(^-l)'T,  (5.84) 

where  cr,  is  the  tangential  stress  along  the  crack  taken  right  through  the  thick- 
ness of  the  ring  and  is  not  less  than  ThURe^Ri)  (^e+^i)  sin  ctj.cr,  can  also  be 
the  concrete  tensile  stress.  The  forces  on  the  central  core  are  shown  in  Fig.  5.31 
and  when  they  are  resolved  vertically 

Pcv  =  the  total  pressure  on  the  core  diameter 

Xi  =  Q  sin  7  -  TV  cos  y.  (5.85) 

For  simphfication  it  is  assumed  that  the  shear  and  normal  stresses  acting  at  the 
inclined  surface  at  distance  (R^ ,  Z,)  from  the  top  of  the  central  core  are  of  the 
octahedral  type  and  are  denoted,  as  before,  by  Tq  and  (jg,  respectively.  The 
above  forces  can  then  be  written  as 
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-Pg.t  =  M^2  —  dcot  y)' -Pg 
Q=  Xo-RxSecydRx 

N=2n  (J  oR:,  sec  y.dRx  (5.86) 

•^  ^l-il  cot  y 

Substituting  Eq.  (5.86)  into  Eq.  (5.85)  tliose  stresses  are  related  to  the  internal 
gas  pressure 

Pg  = 


{x2-d  col  y)'  (5,87) 

/^^,^,^,,,('^otan  7  -  c7o)RxdRx 

The  equilibrium  equation  in  the  radial  direction  (Fig.  5.31)  is  given  by 

(To  sin  7  +  To  cos  y  ~  Pm  sin  y  —  x^z  cos  y.  (5.88) 

Campbell-Allen  et  al.  suggest  straight  hne  and  parabolic  stress  variations  for 
the  shear  stress  Tq  influenced  by  concrete  strength  and  maximum  aggregate  size. 
As  stated  previously  at  the  point  of  sliding  the  relationship  between  Tq  and  Cq 
can  be  written  using  different  concepts.  Campbell-Allen  et  al.  suggests  Mohr 
envelops.  For  straight  Une  stress  variation 

To  =  C  +  (To  tan  ([)'  (5.89) 

where  C  is  apparent  cohesion  for  concrete,  cj)'  is  the  angle  of  frictional  resistance 
for  concrete.  In  terms  of  parameters  largely  dependent  on  the  concrete  strength 
and  the  aggregate  size,  Campbell-Allen  et  al.'"''  suggest  an  expression 

'-^  =  A{aJf:  +  F,/f:f  (5.90) 

/c 

where  t„  is  the  limiting  shear  resistance 

ff„  normal  stress  on  failure  surface 
//  unconfmed  concrete  compressive  strength 
ff  the  uniaxial  tensile  strength  of  concrete 
A,  A^  parameters. 

In  this  section  t„  =  tq,  a„  =  ao,  K=  K' ,f,  =  a,  have  been  adopted  and  therefore 
Eq.  (5.90)  can  be  rewritten  as 

Xo^B'{ao  +  a,f  (5.91) 

where 
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A  f 
B'=^.  (5.92) 

Now  in  addition  to  the  above  relationship  Tq,  equations  for  shear  reproduced 
below  are  considered  for  t,. 


Biaxial  State  of  Stress 


r„^-V2[f^'      MUo  +  |ffo)  (5.93) 


^2Rc  -lj\         3 
where  R,  =  biaxial  strength/uniaxial  strength  of  concrete 

Combined  Compression  Tension 


-Vli^  +  ^U]  (5.94) 


where 


\+R,  \  +  R, 


,  1.35 


Hypoelastic  Concept 


—  =-0.053-0.92    —  (5.95) 

From  Equations  (5.89)  and  (5.95)  any  one  of  the  value  oft,,  can  be  considered 
during  the  vessel  incremental  deformation  or  gas  increasing  pressure.  Case  (A) 
to  —  C'  +  (Totancj)' 

Substituting  Tq  from  Eq.  (5.98)  into  Eq.  (5.88),  Eq.  (5.88)  becomes 

7  {/*//,■  sin  y  -  Tjjzcosy  -  ^'cosy}  (5.96) 


sin  7  +  cos  y  tan  cj) 
Substituting  t^  and  CTq  into  Eq.  (5.87)  then  Eq.  (5.87)  is  rewritten  as 
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(X2  -dcoiy)  Pg  +  2 


tr:  cos  7  (tan  (|)'  tan  y  —  1 ) 


.v2-</c„,,      (sin  7  + tan  (j)' cosy) 
Phi  sin  ^(tan  (])'  tan  y  -  1 ) 


Rxd.Rx 


(sin  7  +  tan  cj)'  cos  y) 

+  2c' 


Rxd-Rx 


cosy(tan(t)  tany  —  1) 

tany r^ ^     ,/ '-R^d.R^ 

sm  y  +  tan  cp  cos  y 


(5.97) 


The  value  of  Phi  is  linear  to  those  of  P^q  and  r^^  and  can  be  assumed  to  vary 
hnearly  with  Pg,  the  internal  gas  pressure.  The  left-hand  side  of  Eq.  (5.97) 
involves  tr-  values  and  the  integral  on  the  left-hand  side  can  be  solved  for  two 
different  shear  stress  distributions. 


Case  (A):  Uniform  Shear  Stress  Tr- 

The  value  tr-  =  {j^i)PgRx  is  substituted  in  the  integral  part  of  the  left-hand  side 
of  Eq.  (5.64)  and  is  finally  itegrated 


,2  „       cosy(tanfl!)'tany  —  1) 

l.h.s  =   X9  -  d  cot  yy.Pc  +  —-^ ^    ,,  ' r^ 

(sm  y  +  tan  cp  cos  y) 


3 


^2     -PGCOS^y(tan(|)' tany  —  1) 

=   X2  -  dcoi  yf  +  ,  .'^ ^    ^,   r^ 

sm  y(sm  y  +  tan  cp  cos  y) 

(xj  —  X2(icoty  —  0.334  cot' y)  =  Poiotk) 


(5.98) 


where  ak  are  the  terms  of  Eq.  (5.98)  in  the  bracket  after  Pq  is  taken  outside  the 
bracket. 

Now  the  right-hand  side  of  Eq.  (5.97)  is  evaluated.  This  is  written  as: 


r.h.s  =  Phi 


C 


tan  y 


siny(tan4)'tany  -  1)  _      ,      ,, 

-—^ ^    ^/ ^ {2x2d -  d^  cot  y 

(smy  +  tancp  cosy) 

cos  y  (tan  cj)'  tan  y  —  1 ) 


(5.99) 


(siny  +  tan  (j)' cosy) 
In  Eq.  (5.99)  Phi  may  have  two  values.  One  is 

Phi  =  Ph^ 


(2x26?  —  d^  cot  y) 


(5.100) 


The  other  is  given  by  Eq.  (5.84)  when  ffo  is  compressive  Pjjj  must  always  be 
related  as 


PHi>coty{xR,  +  C') 


(5.101) 
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where  xj^-  has  a  uniform  or  a  parabohc  shape. 

Subject  to  modification  given  by  Eq.  (5.100)  and  equation  (5.84)  the  gas 
minimum  vertical  pressure  component  /"q  of  the  cap  causing  the  parameter 
'shear'  failure  is  given  by 

Tg  =  Eq.(5.100)/(ai').  (5.102) 

The  value  of  y  in  the  above  equations  will  then  be  the  rupture  angle. 

Case  (B)  to  =  ^(ffo  +  a^f 
Using  the  parabolic  stress  variations,  the  value  of 

tr-  = -p^ .  (5.103) 

The  value  of  xr^  when  substituted  in  the  integral  part  of  the  left-hand  side  of 
Eq.  (5.97)  gives  another  expression  very  similar  to  Eq.  (5.98): 

,2„       /"Gcos'^ftand)' tany  -  1) 
l.h.s  =   X2  -  dcot  yfPa  +  ,  ^   ^,      ,,         / 

sm  )'(sm  y  +  tan  <p  cos  y) 

[xl-X2dcoiy-0.'icfcoi-y]  (5.104) 

The  difference  between  Eqs.  (5.98)  and  (5.104)  is  very  small  and  therefore 
hardly  affects  the  ultimate  pressure  of  the  cap.  Equation  (5.104)  is  written  in 
an  abbreviated  form  as 

l.h.s.  =  PG{dxkx).  (5.105) 

Now  substituting  Tq  =  B'{ao  +  fi) '  into  Eq.  (5.88)  the  equiHbrium  equation  is 
written  as 

(Tosiny  +  B!{ao  +  ffi)   cosy  =  /"//,■  sin y  —  Tr_-cosy  (5.106) 

For  a  parabolic  variation  Eq.  (5.105)  is  further  written  as 

,     E>//  ,         \k  "n         ■  'iPoRx-Zcid—  Zc)  /c  im\ 

fToSmy  +  fi^(fTo  +  cTi)  COS y  =  P/^; sm y -^ cosy.      (5.107) 

From  Eq.  (5.106) 

cj,  ^  Phi  ~  B!{cJo  +  a,f  +  ^^^^^^:|fc^ cot  y  (5.108) 

Substituing  Co  and  a^  into  Eq.  (5.87) 

Pa  =  —^ ^2  /  '       [B\oo  +  fft)'' tan -(j^]R,d.R, 

=    (A'2-rfCOty)      Jx2-Hcoly 
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1 


{x2  —  cl  coty) 


■[B'{c7o  +  ffi)   tany  -  c7o{2x2d  cot  y  -  d^coVy]       (5.109) 


Since  binomial  terms  exist  in  Eq.  (5.109),  the  solution  depends  upon  the  vari- 
ables such  as  ctq  ^  ffi. 


Case  (C)  Biaxial  Compression  State 

Equation  (5.86)  is  utilised  for  the  value  of  Tq,  hence  the  same  equation  is  written 
as 


(To  sm  y  - 


where 


Therefore 


C\\  Co  +  -0-0 


C,  =  V2L, 


cos )'  =  Phi  sin  y  —  trz  cos  ]'        (5.110) 


V2{R,  ~  1) 
2Rc  -  1 


1 


ffo   = 


=  (Cl  cos]'  +  siny) 
The  value  of  P^  is  computed  as 

Pa 


Phi  sin y  —  xr- cos y  —^C\ a^  cos y 


{X2  -dcoty)   Jx2-,uo,, 


Cl  I   fo  +  T  O-Q   )    -  CTo 


(5.111) 


R^.dRx         (5.112) 


or 


PGix2-dcotyY 


1 


+  - 


3 

id  -  1) 
Cl  cos  y  +  sin  y 


C\(Jcdcoty{2x2  —  dcoty) 


Phi  sin  y  -  xrz  cos  y  -  -  ci CTc  cos  y 


(5.113) 


(i)  For  a  case  of  uniform  shear  stress  distribution 

1  PgR. 


t:rz  = 


2      d 

5, 


{S2+n^i? 


2d 


..53} 


(5.114) 
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(ii)  For  a  case  of  parabolic  stress  distribution 

?>PGR.Z,{d-Z,) 


T^RZ  = 


Pc.^ 


d^ 

Si 


^^^3(C,-l)(Z..(.-Z,.)).^^_. 


.-■Si] 


(5.115) 


where 


Si  =  <  -Ciacdcoty(2X2  -  (icoty)  H — -. —  x 

1^3  Cicosy  +  siny 

S2^{x2-dcotyf 

cosy 
03  = 


i'//,.siny--CiffcCOsy 


(Cicosy  +  siny) 


(5.116) 


Case  (D) :  Combined  Compression-tension  State 


where 


Vlff  +  ^L, 


L3  = —  and  L4  = 


(5.117) 


Substituting  Eq.  (5.117)  into  Eq.  (5.88)  the  same  equation  is  written  as 


ffo  sin y  +  v2  (  L3  +  - L4  )  cos  y  =  Phi  sin  y  —  xrz  cos  y 


or 


Co  =  /"//,- T^z  cot  y  -  V2f  L3  +-L4  )  coty. 


(5.118) 


Similarly  Eq.  (5.118)  is  substituted  in  Eq.  (5.87)  and  the  value  of  Pc  is  arrived  at 
in  the  following  manner: 


PG{x2~dcoiyf  =  I  ViiL^+-L. 

\lX2dc0i  y  —  d^  cot"  y] 


)  -  PHi  +  trz  cot  y 

smycosyy  j    (5119) 
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Putting  T^2  terms  on  the  left-hand  side 

Pg{^2  —  dcot  y)    —  Xj^z {'2x2(1  cot'  y  —  d^  cot^^  y) 
=  \V2(l,  +\l^  {^^ \  -  Pm\  (5.120) 

(2Z2(icot]'-fif^cot^7). 

(i)  For  a  uniform  shear  stress  distribution 

1 


1  Pg-R. 

2  d 


S2  +  2^i  •  ^.v 

(ii)  For  a  parabolic  shear  stress  distribution 


^RZ  =  T3 


where 

2  ,\  f        1 


(5.121) 


d^ 

S,  (5.122) 


SA  =  {2X2dcoiy-d-coi^y)\^/2{Li+-U  ,,    .  ,      .  „,  , 

I       V  3      yVsinycosyy  J         (•5_i23) 

S5  =  (2Z2  -  cot^  7  -  f/cot^  ]'). 


Case  (E)  x„  Value  from  the  Hypo-elastic  Analysis 

From  the  hypo-elastic  approach  discussed  earher  the  expression  for  the  devia- 
toric  stresses  arrived  at  is 

/    \  ''^^ 
—  = -0.053 -0.92  (  — I       .  (5.124) 

Adopting  the  same  convention 

X    1.35 

—  I      =1.09  — +0.058 

(7c/  (Tc 

^  "_ (5.125) 

To  =  (Tc'-^^'^./l. 09  — +0.058. 
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In  the  analysis  a^  could  also  be  a^  and  a^  whichever  is  the  higher  compressive 
stress.  Substituting  Eq.  (5.125) 

ffo  =  Pm  -  T/Jzcot)'  -  |(Tc'-^^Vl-09cr3/o-c  +  0.058|  coty       (5.126) 

Now  the  value  of  Pc  is  calculated  on  the  lines  suggested  above 

2  /■■'■-         { (    ,  ,,    /l. 09(13  \  1 

o-c      W ^+0.058    tany-ffo  \R^dR^{5.\ll) 


{X2  —  dC0\f)    Jx2-dcoV; 


or 


PGiS2)  =       (56)     -. 


1 


ySm  7  cos  ]'y 
(i)  For  a  uniform  shear  distribution 


iRzCOty  -  Phi  M2X2<icot7  -  c/^cot^7)(5.128) 


_  1  p  R. 

•^7 


(52  —  2  55  -Rx) 

(ii)  For  a  parabolic  shear  distribution 


Ti?Z 


Pc,= 


ZPcRxZcid  -  Z,) 

Si 
S2  =  '-^^^.Ss.Rx 


where 


1 


56  =  '■^V(l-09ff3K  + 0.058). (ffc) 


(5.129) 


(5.130) 


57  =     (56)    -. -  Pw  \ {IXjdcoi y-d'  cot^  y) 

1         Vsmycosy;  J  (5  131) 


±  J2(P"'-y'  +  ^"•^'■)  +  2(i?£  -  n^Rp  sin  c^) 


;=1 


J2{iA',,pE,f.zK')+PGHjRj 


z„=i 


+24,,(Tyh{di  -  x)4>,,,(fifi  -  d')}] 
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The  barrel  walls  are  constructed  on  top  of  bottom  caps  in  lift  and  bays  generally 
not  exceeding  2  m.  During  this  process  it  is  impossible  to  avoid  a  congestion  of 
embedded  components.  In  these  regions  it  is  difficult  to  achieve  a  fuU  compac- 
tion of  concrete  and  hence  the  possibility  of  using  high  workability  concrete 
mixes,  secondary  grouting  procedures  and  super-plasticising  admixtures  cannot 
be  ruled  out.  Individual  bays  in  the  walls  and  top  caps  are  kept  free  of  4harp 
discontinuities.  Around  all  embedded  components  including  cooling  pipes, 
aggregates  with  low  coefficients  of  expansion  and  low  long-term  shrinkage 
are  adopted.  The  sequence  of  concrete  casting  is  chosen  which  is  conductive 
to  acceptable  distributions  of  tensile  strain  as  and  when  the  vessel  concrete 
cools. 


5.16  Quality  Assurance  and  Control 

Quality  assurance  in  any  applied  science  and  engineering  project  is  an  essential 
task.  It  is  a  disciplined  approach  in  the  provision  of  systems  and  components  of 
nuclear  power  plants.  The  main  objectives  for  the  vessel  are  to  ensure  that  each 
part  of  the  vessel  manufacture  is  assembled,  inspected,  tested  and  operated 
strictly  in  accordance  with  the  performance  requirements,  reliability  and  safety 
codes  and  the  designers'  intent.  The  quahty  control  is  those  quahty  assurance 
actions  which  provide  a  means  to  control  measure  and  monitor  the  character- 
istics of  the  vessel  throughout  its  Hfe.  The  quality  assurance  in  practice  embo- 
dies formal  documentation  and  procedures: 

(a)  Design  control. 

(b)  Instructions,  procedures  and  drawings. 

(c)  Identification  and  control  of  special  monitoring  processes  including  mate- 
rial equipment,  inspection  and  test  control. 

(d)  Operating  and  maintenance  manual. 

(e)  Quality  performance  records  of  hners,  penetrations,  closure  members,  pre- 
stressing  system,  reinforcement  and  concrete  under  mechanical,  thermal 
and  creep  loading  effects. 

(!)  Records  to  monitor  and  control  the  instrumentation  of  the  vessels.  Types  of 
instruments  embedded  are  the  strain,  stress,  deformation  and  temperature 
and  crack  gauges  which  determine  the  general  behaviour  of  the  vessel.  Other 
special  instruments  load  cells  for  monitoring  prestress  level;  moisture  gauges 
and  gas  detectors  for  concrete  and  the  Hner,  respectively,  need  quahty 
performance  and  control. 

(g)  Periodic  checks  for  mechanical  damage,  variation  of  pressures  around  the 
cooling  circuits  and  the  safety  valve  accumulation  pressure  insulation  and 
the  difference  between  test  and  operating  temperature  are  all  part  of  sur- 
veillance and  quality  control. 
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5.17  Conclusions 

In  this  chapter  a  step-by-step  review  of  the  Hterature  pertaining  to  the  analysis, 
design  and  model  testing  of  the  prestressed  concrete  reactor  pressure  vessel  is 
given.  The  author  has  looked  in  some  detail  at  methods  of  analysing  the 
operational  and  overload  behaviour  of  these  vessels.  Vessel  component  designs 
are  given  together  with  a  relevant  design  data  of  some  of  the  existing  vessels. 
The  methods  of  analysis  discussed  provide  tools  which  could  prove  useful  in  the 
future  development  and  monitoring  of  the  existing  vessels.  The  comparative 
study  of  analytical  and  model  analysis  validates  the  design  and  overload  per- 
formance of  these  vessels  fairly  accurately.  An  emphasis  is  given  on  the  mon- 
itoring and  quahty  assurance  of  these  vessels.  Since  any  vessel  has  not  com- 
pleted its  hfe,  many  more  predictions  in  future  will  be  made  using  site 
monitoring  data.  Using  these  analyses  and  in  the  light  of  new  available  data, 
the  exact  operational  and  overload  performances  can  be  safely  predicted  on  the 
lines  suggested  earher. 
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Chapter  6 

A  Complete  Manual  Design  Analysis  of  Concrete 
Containment  Vessel  (Building)  Using  American 
Practices  and  Codes 


6.1  Introduction 

A  comprehensive  analysis  is  related  to  these  structures  has  been  given  in  this 
text:  Design  loads,  material  properties  and  other  design  specifications  and 
parameters  have  been  thoroughly  explained.  In  this  chapter,  preliminary  design 
calculation  for  the  containment  based  on  limits  state  concept  are  given  using 
U.S  Regulations  and  codes.  One  typical  case  of  BELLEFONTENUCLEAR 
PLANT  of  the  TVA  is  considered.  Design  calculations  for  other  kinds  of  PWR 
shall  be  carried  out  on  the  same  hne  using  new  design  parameters  and  guide- 
lines. For  detailed  analysis  a  reference  is  made  to  the  following  comprehensive 
paper  by  author. 

'Containment  Vessel  Design  And  Practice' 

-Annals  of  Nuclear  energy.  Pergamon  Press  Ltd.,Voll.No.  2,  pp.  107-181(1982) 

The  geometry  and  other  parameters  are  based  on  the  information  given  by 
the  TVA(USA).  They  have  been  taken  into  consideration.  The  drawings  given 
by  TVA  are  gracefully  recorded.  The  author  took  a  great  pain  to  interpret  the 
data  given  in  Imperial  units  and  then  convert  them  using  SI  units.  The  calcula- 
tions carried  out  seems  to  be  a  final  check  o  the  TVAdesign  and  in  conformity  to 
the  safely  analysis  demanded  by  the  NUCLEAR  Regulatory  Commission 
(NCR)  of  the  USA  and  the  additional  work  based  on  local  requirements  of 
the  TVA.  Based  on  the  requisite  guidelines  (N4-50-D702)  the  design  of  the 
annulus  and  auxihary  structures  is  included.  Both  the  barrel  walls  and  the  dome 
have  been  designed  as  prestressed  concrete  structures  integrated  fully.  Hence  a 
complete  manual  design  makes  this  entire  chapter  extremely  useful  prior  to. 


6.2  Geometry  And  Design  Parameters  Adopted  by  the  TVA 

Figures  6.1  and  6.2  show  the  vertical  presentation  and  plan  of  the  containment 
which  are  self  explanatory  as  far  as  the  geometry  is  concerned. 

Secondary  Containment.  This  category  1  reinforced  concrete  structures 
consists  of  a  cylinder  wall  having  a  162  ft,  (49.37  m),  inside  diameter  which  is 
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■  ^  ^Reactor  Containment 
y-  EL.  274.7  229  mm 


EL  267.3 


Rock  Anchor  Tendons 

Fig.  6.1  Vertical  presentation  (with  compliments  from  TV  A) 

capped  with  a  ring  girder  and  a  18-in.,  (457  mm),  thick  circular  dome.  The  base 
of  the  cyhnder  wall  is  2' 6",  (0.725  m),  thick  at  EL.  620.0  where  it  is  anchored 
into  an  extension  of  the  tendon  gallery  top  slab.  The  wall  decreases  in  thickness 
hnearly  from  EL.  620.0  to  EL.  635.0  where  the  wall  is  18  in.,  (457  mm),  thick. 
The  18  in.,  (457  mm),  thick  cyhnder  extends  above  EL.  635.0  approximately 
237  ft,  72.214  m,  to  the  ring  girder.  The  top  inside  face  of  the  dome  is  approxi- 
mately 280  ft,  (85.34  m),  above  the  EL.  62.0  base  slab. 
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Note  'C.  The  typical  dome  tendon  spacing  is  978  mm  measure  horiz:  the  final 
prestressing  force  for  each  tendon  group  is  5453.25  KN/m. 

Purpose  of  this  structure  is  to  minimize  off-site  radiation  dosage  which  might 
occur  during  certain  atmospheric  conditions.  The  structure  also  serves  to 
protect  the  mechanical  and  electrical  systems,  which  pass  through  the  annulus 
enroute  to  the  Auxihary  Building,  from  catastrophic  effects  of  earthquake, 
tornado,  and  flood. 


ROOF  PLAN 


Fig.  6.2  1  Plan  of  the  dome 
prestressing  layout  and 
elevations 


Iljt-  Tendon  access  gallery 
key:1ft=0.3048m 
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SECONDARY 
CONTAINMENT- 
EL  620.0 


Length  CD 
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606.5 
248.5° 
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EL  605.0 -7 


COUPLING  DEVICE 
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Fig.  6.2  (continued) 
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1  PERSONNEL  HATCH 
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Fig.  6.2  (continued) 
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SEE   NOTE'C 


Fig.  6.2  (continued) 


The  TVA  structure  has  been  sealed  with  PVC  seals  to  prevent  ingress  of 
water  at  construction  joints  below  El  625.0.  PVC  seals  shall  also  be  provided 
across  the  expansion  joints  at  the  bottom  slabs  and  the  exterior  walls  of  the 
Auxiliary  Building.  The  seals  into  exterior  walls  shall  extend  to  EI  646.5. 

All  doors  and  openings  connecting  the  secondary  containment  and  the 
Auxiliary  Building  have  been  sealed  to  maintain  a  vacuum  pressure  in  the 
annulus  between  the  primary  and  secondary  containment. 

Where  this  structure  supports  slabs  in  the  annulus,  care  has  be  taken  to 
insure  minimum  resistance  from  these  slabs  by  the  use  of  expansion  joints 
between  the  cylinder  wall  and  the  slabs.  In  addition,  low  friction  bearing  pads 
have  been  used  under  the  slab  support  steel  at  the  steel  brackets  on  the  primary 
containment  wall  to  insure  that  there  is  essentially  no  interaction  between  the 
primary  and  secondary  containment. 

Where  the  walls  and  slabs  from  the  Auxiliary  Building  intersect  the  second- 
ary containment,  fiberous  glass  joint  filler  material  has  been  used  to  separate  the 
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structures  to  allow  for  seismic  movement.  The  material  is  intended  to  be  held  in 
place  by  the  concrete  pouring  pressure.  This  material  will  provide  adequate 
seahng  in  areas  that  are  subjected  to  low  pressure  purging. 


6.2.1  Annular  Structures 

6.2.1.1  El  666.0  Shield  Slab 

This  2-ft  (0.61  m)  thick  slab  extends  from  the  refuelling  transfer  tube  compart- 
ment slab  at  approximately  the  90**  azimuth  around  the  annulus  past  0° 
stopping  at  the  300°  azimuth.  Its  basic  function  is  to  provide  radiation  shield- 
ing for  personnel  working  in  the  annulus  above  El  646.0.  The  slab  support 
steel  has  been  connected  to  steel  brackets  on  the  secondary  and  primary 
containment  walls.  The  slab  support  steel  will  be  free  to  slide  on  low  friction 
bearing  pads  at  the  steel  support  bracket  on  the  primary  containment  wall. 
Openings  have  been  made  in  this  floor  to  allow  purging  underneath.  The 
openings  have  been  located  so  that  someone  walking  on  the  646.0  floor  level 
will  not  be  exposed,  to  a  radiation  stream. 


6.2.1.2  Barrier  Wall 

This  wail  is  located  at  the  0°  azimuth  and  extends  from  El  620.0  to  El  646.0  levels. 

The  barrier  is  designed  to  protect  redundant  electrical  systems  that  are 
required  for  safe  shutdown  from  the  effects  of  fire,  pipe  jets,  and  missiles.  The 
barrier  shall  have  a  minimum  thickness  of  2  ft.  (0.61  m). 

The  barrier  has  been  separated  from  the  primary  and  secondary  containment 
structures  by  expansion  joints  to  allow  free  movement  of  each  structure  during 
earthquake.  The  barrier  has  been  connected  to  the  El  64.6.0  slab. 


6.2.1.3  Primary  Shield  Door 

This  3-ft  thick  concrete  door  is  approximately  25'-5"(  7.8  m)  wide  and  24'-6" 
(7.47  m)  high.  It  is  located  at  the  equipment  hatch  in  the  primary  containment  at 
the  270°  azimuth.  The  basic  function  of  the  door  is  to  provide  radiation  and 
tornado  borne  missile  shielding  for  the  equipment  hatch  opening. 


6.2.1.4  Primary  Shield  Door  Support 

This  structure  is  located  under  the  equipment  access  hatch  at  the  270°  azimuth. 
It  consists  of  a  wall,  two  columns,  two  beams,  and  a  thin  slab.  The  wall  provides 
door  support  during  normal  plant  operation.  The  300-kip  (1334  KN)  door  is 
mounted  on  a  rail  and  opens  toward  a  decreasing  azimuth  providing  access  to 
the  primary  containment  during  maintenance  operations.  A  long  beam  sup- 
ported by  one  column  provides  door  support  in  the  open  position.  The 
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remaining  beam  and  column  allow  the  door  to  be  moved  slightly  toward  an 
increasing  azimuth  to  allow  for  wheel  maintenance.  The  thin  slab  provides  a 
working  surface  for  door  operation  and  maintenance. 


6.2.1.5  Compartment  Around  the  Fuel  Transfer  Tube 

This  structure  serves  primarily  as  shielding  against  radioactivity  around  the 
refuelhng  transfer  tube.  It  consists  of  two  side  walls  and  a  top  slab.  The  walls 
and  slab  are  separated  from  the  secondary  and  primary  containments  by  an 
expansion  joint  to  aUow  independent  movement  of  these  structures  during 
earthquake.  The  top  slab  is  concrete  plug  which  can  be  removed  to  inspect 
the  transfer  tube. 


6.2.2  Tendon  Gallery  and  Annulus  Maintenance  Access 

This  structure  is  located  at  the  214°  azimuth,  it  consists  of  a  vertical  shaft 
extending  from  grade  at  El  646.0  down  to  the  horizontal  passageways  which 
enter  the  annulus  at  El  620.0  and  the  tendon  gallery  at  El  606.5,  respectively. 

Steel  ladders  with  safety  devices  shall  extend  between  horizontal  levels  and  the 
shafts  can  serve  as  a  work  access  to  the  tendon  gallery  during  tendon  installation. 
After  tendon  installation  a  removable  structural  steel  floor  at  El  620.0  has  been 
installed  to  provide  access  to  the  annulus.  The  annulus  access  can  be  used  to  bring 
in  the  tendon  jacks  during  surveillance  testing.  The  surveillance  tests  will  be 
performed  at  one  year  intervals  for  the  first  three  years  of  plant  life  and  at  five 
year  intervals  thereafter.  The  annulus  access  can  also  serve  as  the  maintenance 
access  for  servicing  various  mechanical  systems  located  in  the  annulus. 

Due  to  the  infrequent  use  of  the  access  structure,  the  top  cover  slab  at  El 
646.25  has  been  bolted  into  place  and  will  have  lifting  eyes  such  that  it  can  be 
removed  with  a  small  mobile  hoist. 

The  removable  floor  at  El  620.0  shah  have  a  man-hatch  to  provide  access  to 
the  tendon  gallery  for  inspection  purposes.  If  it  becomes  necessary  to  take  large 
tools  or  parts  into  the  tendon  gallery,  the  steel  floor  at  El  620.0  may  be  hfted  out 
to  grade. 

This  structure  has  been  connected  to  the  tendon  gallery  by  construction 
joints  below  El  620.0.  Above  El  620.0,  an  expansion  joint  shall  be  used,  to 
allow  independent,  movement  of  this  structure  and  the  secondary  containment 
during  earthquake. 


6.2.3  Applicable  Design  References 

1.  Bellefonte  PSAR 

2.  Concrete  Design  Standards,  Parts  II  and  III  ACI  1972.  (Revised  2006) 
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3.  General  Criteria  for  Design  of  Civil  Structures  (N4-50-D702) 

4.  Civil  Design  Branch  report,  "Dynamic  Earthquake  Analysis  of  Secondary 
Containment  Structure  and  Response  Spectra  for  the  Attached  Equipment 
-  Bellefonte  Nuclear  Plant  (1972)  (Revised  1985) 

5.  OEDC  Quality  Assurance  Manual  (1972)  (Revised  2007) 

6.  American  Concrete  Institute  (ACl)  (Revised  2008) 

ACl  315-65-  Manual  of  Standard  Practice  of  Detailing  Reinforced  Con- 
crete Structures 
ACl  318-71-  Building  Code  Requirements  for  Reinforced  Concrete 
ACT  347-68-  Recommended  Practice  for  Concrete  Formwork 
ACT  305-72-  Recommended  Practice  for  Hot  Weather  Concreting 
ACl  211.1-70  -  Recommended  Practice  for  Selecting  Proportions  for 

Concrete 
ACl  61 14-73-  Recommended  Practice  for  Measuring,  Mixing,  and  Pla- 
cing Concrete 

7.  American  Society  for  Testing  and  Materials- 1972  ASTM  Standards 
(Revised  2008) 

8.  American  Society  of  Civil  Engineers  (ASCE),  Paper  No.  3269,  "Wind 
Forces  on  Structures"  (1969) 

9.  Code  of  Federal  Regulations,  Title  29,  Chapter  XVII  -  "Occupational 
Safety  and  Health  Standards" 

10.  NRC  Regulatory  Guides 

No.  1.10  -  "Mechanical  (Cadweld)  Splices  in  Reinforcing  Bars  of  Cate- 
gory I  Concrete  Structures" 
No.  1.55  -  Concrete  Placement  in  Category  I  Structures 

1 1 .  TVA  Construction  Specifications 

G-2  -  TVA  General  Construction  Specification  for  Plain  and  Reinforced 

Concrete 
G-30  -  TVA  General  Construction  Specification  -  Fly  Ash  for  Use  as  an 

Admixture  in  Concrete  (1972)  (Revised  2007) 
G-32  -  TVA  General  Construction  Specification  -  Bolt  Anchors  Set  in 

Hardened  Concrete  (1972)  (Revised  2007) 

12.  "TVA  Report  on  Wind  Analysis  of  Sequoyah  Shield  Building,"  by  R.G. 
Domer  and  B.  C.  Giordano(1972)  (Revised  2007 

13.  "THERMCYL  -  Thermal  Stresses  in  Reinforced  Concrete  Cylinders,"  by 
R.  G.  Domer  and  R.  C.  Giordano  available  at  TVA  (1973) 

14.  "Design  of  Structures  for  Missile  Impact,"  Bechtel  Power  Corporation 
Report  BC-Top-9  (1972) 

15.  Bangash  M.Y.H.  Shock,  Impact  &  Explosion 

-Springer  Verlag,  Heidelberg  2008. 

16.  Bangash  M.Y.H.  Manual  of  Numerical  Methods  in  Concrete 

-Thomas  Telford,  London  (2003) 

17.  Bangash  M.Y.H.  Earthquake  Resistant  Buildings-Analysis  and  Design 
Springer  Verlag,  Heidelberg  2010 
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6.2.4  General  Design  Requirements  and  Loads  Used  by  TV  A. 
For  Calculations 

6.2.4.1  Load  Symbols  and  Definitions 

D  =  dead  load  of  structure  and  equipment  plus  any  other  permanent  loads 
excluding  soil  and  hydrostatic  pressure.  An  allowance  is  also  made  for  future 
permanent  loads. 

-  E*  =  1/2  safe  shutdown  earthquake  resulting  from  horizontal  rock  accel- 
eration of  0.09  g  (0.09  g  vertical). 

-  *E=  safe  shutdown  earthquake  resulting  from  horizontal  rock  acceleration 
ofO.lSg  (0.18  g  vertical). 

L  =  live  loads  (loads  which  vary  in  intensity  and  occurrence)  including 
movable  equipment,  soil  and  hydrostatic  pressure  loads. 

-  Lc  =  construction  live  loads  (greater  than  normal  operating  live  loads  of  a 
temporary  or  unusual  nature)  which  occur  during  construction. 

Rm  ^  pipe  reactions  under  thermal  conditions  generated  by  the  postulated 
pipe  break  and.  including  Rq. 

-  Rq  =  pipe  reactions  during  normal  operating  or  shutdown  conditions,  based 
on  the  most  critical  transient  or  steady  state  conditions. 

-  Ta  =  thermal  loads  due  to  temperature  differences  under  accident  conditions, 

-  To  =  thermal  loads  due  to  temperature  differences  under  normal  operating 
or  shutdown  conditions,  based  on  the  most  critical  transient  or  steady  state 
condition. 

-  U  =  required  ultimate  load  capacity  of  structures. 

-  W  =  wind  load  as  defined 

-  Wf  =  tornado  loadings  including  missiles  as  defined  in  the  General  Design 
Criteria. 

-  7j  =  jet  impingement  equivalent  static  load  on  a  structure  generated  by  the 
postulated  break  including  an  appropriate  dynamic  factor, 

-  Yni  =  missile  impact  equivalent  static  load  on  a  structure  generated  by  or  during 
the  postulated  break,  pipe  whipping,  including  an  appropriate  dynamic  factor. 

-  Yi-  =  equivalent  static  load  on  the  structure  generated  by  the  reaction  of  the 
broken  high-energy  pipe  during  the  postulated  break  including  an  appro- 
priate dynamic  factor. 

In  determining  an  appropriate  equivalent  static  load  for  Yj,  ¥„-,  and  Yr, 
elasto-plastic  behaviour  may  be  assumed  with  appropriate  ductility  ratios  and 
as  long  as  excessive  deflections  will  not  result  in  loss  of  function. 


6.2.5  Earthquake  Loads 

Earthquake  effects  on  these  concrete  structures  shall  be  determined  by  using  the 
appropriate  structural  response  prepared  by  the  Civil  Engineering  Branch  of 
the  TVA  or  any  other  organisations. 
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6.2.6  Temperature  Loads  (Concrete  Members) 

The  surface  temperature  and  the  gradient  through  the  concrete  members  for 
normal  operation  and  accident  conditions  shall  be  calculated  by  the  Nuclear 
Systems  Engineering  Group  of  the  Mechanical  Engineering  Branch.  These 
gradients  will  be  used  with  the  THERMCYL  computer  program  or  a  similar 
method  to  compute  the  thermal  stresses.  Currently  many  advanced  computer 
programs  are  being  used.  Program  ISOPAR  or  any  other  3D-hybrid  F.E.  Non- 
hnear  Computer  Program. 


6.2.7  Jet  Loads  and  Pipe  Restraint  Loads 

Restraints  for  steam  and  other  systems  piping  will  be  located  by  the  Bellefonte 
Project  Mechanical  Design  Sections  and  the  Civil  Engineering  Branch  will 
evaluate  the  design  criteria  for  determining  loads. 

Jet  forces  on  the  structure  from  accidental  pipe  breaks  shall  be  calculated  by 
the  following  formulas: 

-  F  =  1.26  K  PA  for  steam  or  flashing  liquid 

-  F  =  2.0  K  PA  for  subcooled  nonflashing  hquid 

-  F  =  total  force  for  flexural  design  or  shear  design 
P  =  maximum  operating  pressure 

-  A  =  internal  area  of  pipe 

K  =  dynamic  load  factor  for  flexure,  peripheral  shear,  and  diagonal  tension. 

Pressures  for  piping  systems  shall  be  obtained  from  the  Project  Mechanical 
Design  Sections. 

Three  types  of  pipe  breaks  shall  be  postulated  and  are  defined  below: 

•  Circumferential  rupture.  This  type  of  pipe  break  exists  when  a  pipe  breaks 
circumferentially  and  the  ends  at  the  break  displace  laterally  such  that  a  full 
diameter  jet  from  each  broken  end  is  possible. 

•  Longitudinal  split.  The  area  of  this  type  of  break  is  equal  to  the  internal  cross- 
sectional  area  of  the  pipe  and  is  two  inside  diameters  long.  The  shape  may  be 
assumed  to  be  a  narrow  rectangle,  circular,  or  elliptical  for  analyses  purposes. 

•  Through-wall  leakage  cracks  are  not  postulated  in  high  energy  piping  sys- 
tems, except  where  these  hnes  are  routed  in  the  vicinity  of  vital  electrical 
equipment.  Fluid  flow  from  a  through-wall  leakage  crack  may  be  based  on  a 
circular  opening  with  an  area  equal  to  an  equivalent  rectangular  opening  of 
one-half  the  pipe  inside  diameter  in  length  and  one-half  the  wall  thickness  in 
width  and  oriented  parallel  to  the  pipe  flow  axis. 

•  A  jet  shall  be  assumed  to  expand  10  degrees  each  direction  from  the  sides  of 
the  break  for  purposes  of  determining  an  impact  area.  The  load  F  shall  be 
assumed  to  act  uniformly  over  the  impact  area. 
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When  designing  for  jet  forces,  local  yielding  is  permitted  which  will  reduce 
the  dynamic  effects  of  the  force  on  the  structures.  The  dynamic  load  factor, 
K,  shall  be  determined  by  using  a  ductility  ratio  (Ym/Yei)  as  described  in 
Structural  Dynamics  by  J.  M.  Biggs,  1961,  pp.  69-81  and  222-223  or 
elsewhere. 

-  7m  =  maximum  permissible  deflection  of  the  structure 

-  7ei  =  deflection  of  the  structure  at  yield  strain  of  the  reinforcing  steel 

Y„i  and  7ei  shall  be  determined  by  moment  rotation  concepts  as  outlined  in 
"Limit  Design  for  Structural  Concrete,"  Journal  of  the  PCA  Research  and 
Development  Laboratories,  May  1959,  p.  14-23. 


6.2.8  Load  Combinations 

The  load  combinations  used  by  the  TVA  are  identical  to  ones  recommended  in 
Chapter  2.  Table  6. 1  gives  a  brief  on  load  combinations  and  load  factors  for 
secondary  containment,  the  following  special  live  loads  have  been  adopted  with 
appropriate  load  factors  as  given  in  table  6.1. 


6.2.9  Secondary  Containment 

6.2.9.1  Special  Live  Loads 

The  following  loads  shall  be  treated  as  live  loads  using  the  appropriate  load 
factors  as  given  in  Table  6. 1 .  Snow.  The  structure  shall  be  designed  for  a  20  psf 
(0.958KN/m^)  snow  load  on  the  dome. 


Table  6.1   Load  Combinations  and  Load  Factors 

1 .  Normal  operating 

2.  Seismic  operating 
2a.  Dead  and  seismic 

3.  Normal  wind 
3a.  Dead  and  wind 
1 1 .  Extreme  seismic 

5.  Extreme  wind 

6.  Extreme  accident 

7.  Seismic/accident 

8.  Extreme  seismic/accident 

9.  Temporal?  construction 

10.  Probable  maximum  flood 


u  = 

■  l.HD+[JL  +  \3To+l.iRo 

u  = 

■  l.l4D+iJL  +  \.9E+l3TQ+l.3Ro 

u  = 

■  \.2D+l.9E 

u  = 

\AD+lJL  +  nW+\.3To+l3RQ 

u  = 

■  \.2D+\.1W 

u  = 

■  D  +  L+To  +  Ro  +  B' 

u  = 

-  D  +  L+To  +  Ro+Wi 

u  = 

■  D  +  L+T.^  +  R,, 

u  = 

■  D  +  L+  T.^  +  R.^  +  l.25E+  Y,+  Yj+  Y, 

u  = 

■  D  +  L+  T,,  +  R,,  +  E  +  Y,+  Yj+  Y,^ 

u  = 

■  \AD+IAL, 

u  = 

■  D  +  L 
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Notes: 

1 .  All  components  that  constitute  these  structures  shall  be  designed  to  resist  aU 
apphcable  loading  combinations. 

With  the  exception  of  the  load  factors  given  in  Table  6.1,  this  structure  shall 
be  designed  in  accordance  with  the  ultimate  strength  design  provision  of  ACI 
318-71. 

2.  In  combinations  6,  7,  and  8,  the  maximum  values  of  T^,  R.^,  Fj,  Y^,  and  7,.,,' 
including  an  appropriate  dynamic  factor  shall  be  used  unless  a  time  history 
analysis  is  performed  to  justify  otherwise. 

3.  For  combinations  7  and  8,  local  stresses  due  to  the  concentrated  loads  7i-,  Fj, 
and  Fi-n,  may  exceed  the  aUowable  provided  there  will  be  no  loss  of  function 
of  any  safety-related  system. 

4.  Where  L  reduces  the  effects  of  other  loads  it  shall  be  taken  as  the  minimum 
possible  value. 

5.  In  addition  to  the  above,  combination  1  will  also  be  designed  for  temperature 
and  shrinkage,  in  place  of  1.3  Tq,  using  TVA  "Concrete  Standards  for 
Temperature  and  Shrinkage  Reinforcement"  as  the  criteria. 

Water.  Water  pressure  shall  be  assumed  outside  the  Auxiliary  Building  to  El 
625.0  for  design  purposes.  The  dynamic  effect  on  the  water  due  to  earthquake 
shall  be  considered  in  accordance  with  N4-50-D702. 

Earth.  Design  for  soil  pressure  shall  be  based  on  soil  backfiled  to  El  646.0  in 
all  areas  that  are  not  adjacent  to  the  Auxihary  Building.  Surcharge  on  the  soil 
surface  shaU  be  200  psf  (9.58  KN/m'^)  except  where  larger  surface  loads  are 
known  to  exist,  The  dynamic  effect  on  the  earth  due  to  earthquake  shall  be 
considered. 

Vacuum.  The  structure  shall  he  designed  to  resist  a  theoretical  vacuum  of  5.2 
psf  (0.2491  KN/m^)  during  normal  operation  with  a  design  value  of  10.4  psf 
(0.477  KN/m")  to  aUow  for  marginal  error. 


6.2.10  Annular  Structures 

6.2.10.1  El  646.0  Shield  Slab 

Since  no  equipment  is  supported  by  this  floor  it  shall  be  designed  for  a  100  psf 
(4.79  KN/m^)  hve  load. 

Analysis  may  be  done  by  considering  the  floor  as  a  simple  span  in  the 
circumferential  direction.  Temperature  and  shrinkage  steel  shall  be  placed  in 
the  radial  direction. 


6.2.10.2  Barrier  Wall 

Analysis  of  this  wall  may  be  done  by  conventional  methods. 
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6.2.10.3  Primary  Shield  Door 

This  door  shall  be  designed  to  withstand  the  stresses  produced  by  the  credible 
tornado-borne  missiles  listed  in  the  General  Criteria  for  Design  of  Civil  Struc- 
tures, N14-50-D702.  For  further  design  considerations  by  others  see  Shield 
Door  at  Equipment  Access  Hatch  Criteria,  N4-MAD740C. 


6.2.10.4  Primary  Shield  Door  Support 

This  structure  shall  be  designed  to  carry  the  moving  door  load,  plus  a  100  psf 
(4.79  KN/m^)  hve  load  on  the  slab  outside  the  door  area.  The  wall  shall  be 
designed  to  take  the  vertical  load  that  could  possibly  occur  during  the  removal 
of  a  steam  generator.  A  horizontal  load  of  5%  of  the  weight  shall  be  assumed  to 
occur  simultaneously  with  the  vertical  load  on  the  wall. 

This  structure  shall  be  analyzed  by  a  conventional  frame  analysis  taking 
account  of  moment  distribution,  flexibihty  and  stiffness  methods. 


6.2.10.5  Compartment  Around  the  Fuel  Transfer  Tube 

The  top  slab  shall  be  designed  for  a  100  psf  (4.79  KN/m^)  hve  load. 


6.2.11  Geometrical  Analysis 

6.2.11.1  Flliptical  Dome  of  The  Reactor  Containment 

General 

Developmental  Analysis  and  computer  Program  exist  in  this  text  in  Chapter  3. 
In  addition  the  formulation  under  this  section  has  been  provided  by  the  TVA. 

Geometric  Analysis  of  Elliptical  Dome 

By  concentric  circles  method,  points  on  the  elliptical  curve  of  minor  axis  "A"  and 
major  axis  "a"  can  be  located  graphically  as  followed: 


Standard  elliptic  EQ 


From  figure 


i  (6-1) 


X  =  a  sin  4)  (6.1a) 

y  =  hsin(\)  (6.1b) 


For  X-  14  and  J-  5 
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Fig.  6.3  Concentric  circles  for  elliptical  curve  development 

Elliptical  dome 

fl  =  67.5'(20.574«i) 
b  =  ?>9.15'{\2.n6m) 

Method  of  Obtaining  Arc  Length  of  A  Elliptical  Curve 


Fig.  6.4  Method  of  obtaining  arc  length  of  a  elliptical  curve 
For  length  of  a  plane  curve: 


I A     V  V"^-^. 

Equation  of  an  ellipse  can  be  written  as 


dx 


y 


^-b' 


(6.2) 


(6.2a) 
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Taking  derivative 

2}'dy  =  —  ^  X  dx 


dy__ly 
Substituting 


(6.2b) 

a  J 


rB  _ 

lA 


b'-x'- 


L^A^   I     \/l+^ —dx 


cr  -  a'-x'-  +  f^x^  , 
1  H 5 ^-T a-^ 


i-B      I  ,A  _  /,2  ^2  _L  A,2  v2 

Letting  x  =  a  sin  (|) 

dx  =  (3  cos 


^    V         a4(i_sin2  0) 


Since 


a  =  67.5'(20.574  /m) 
^  =  39.75'(12.118m) 
b  =  .58889a 


Z>2  =  .346790^ 


jB        [''    K  +  (.34679a^  -  fl4)  sin^  c^ 

Z«=/     J 4- ^— acos^dcj) 

J  A    V  a  (cos-  q>) 


a  f    \J\  -.65321sin2(t)d(t) 

J  A 


L^  =  aEi 


(6.2c) 


L^=/     J ^^ ,,     .    ^,2 (acos(t)dct))  (6.2d) 

'      Y  a*  —  a-(asin(p) 


L^  =   /     W^'    '  ',"  "' — ."^zi?"  "acos(|)d(|)  (6.2e) 


^    /a4(l  -.65321  sin- cj) 
,    V ^^^^^ "'°'^^  (6.2f) 

rB 
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where 

l-n/l 

Jo 
and 


Ei^  I       V 1  -  0.65321  sin^  (|);  dcj)  (6.2g) 


=  k 

a 

A;  =  0.65321 
k  =  V0.65321  =  0.80821 


sin  0  =  A; 

sin"' (0.80 

use  0  =  54° 


0  =  sin"'  k  =  sin"' (0.80821)  =  53°55' 


Using  CRC  table  (table269  page)  0  =  53°55'0  =  90° 

Handbook  £•!  =  1.2681 

One  quarter  length  of  an  ellipse 

Ll'-  =  aEi  =67.5  x  1.2681 
L  =  85.59675ft  «  85.6ft(26.06  m) 

By  approximation 


L  =  ^W^^=   87  ft  (26.5176  m) 

Table  6.2  is  prepared  for  the  elliptical  dome  (CRC  Math  tables  @Ei6  =  54° 
and  using  interpolation. 


Dome  with  Portions  of  Elliptical,  Spherical  and  Others 

General.   Here  analysis  is  presented  where  various  segments  of  ellipse. 

Geometrical  Analysis. 

Let 

4  =  length  of  elliptical  portion 
4  =  lenght  of  spherical  portion 
/,.  =  length  of  remaining  portion 

-^Total  =  4  +  4  +  4 
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Table  6.2  (l>  versus  6  values  of  Ei 


54°  0  =  54° 


(j>  E, 


1  .0175 

2  .0349 

3  .0523 

4  .0698 

5  .0872 

6  .1046 

7  .1220 

8  .1393 

9  .1566 

10  .1739 

11  .1912 

12  .2084 

13  .2256 

14  .2427 

15  .2598 

16  .2769 

17  .2939 

18  .3108 

19  .3277 

20  .3445 

21  .3612 

22  .3779 

23  .3945 

24  .4110 

25  .4274 

26  .4439 

27  .4601 

28  .4763 

29  .4924 

30  .5084 

31  .5243 

32  .5401 

33  .5558 

34  .5714 

35  .5870 

36  .6024 

37  .6177 

38  .6329 

39  .6479 

40  .6629 

41  .6777 

42  .6925 

43  .7071 

44  .7216 

45  .7360 


<!> 

Ej 

46 

.7502 

47 

.7643 

48 

.7782 

49 

.7922 

50 

.8060 

51 

.8197 

52 

.8332 

53 

.8467 

54 

.8600 

55 

.8730 

56 

.8860 

57 

.8988 

58 

.9116 

59 

.9243 

60 

.9367 

61 

.9492 

62 

.9614 

63 

.9736 

64 

.9856 

65 

.9973 

66 

1.0093 

67 

1.0210 

68 

1.0326 

69 

1.0441 

70 

1.0555 

71 

1.0668 

72 

1.0780 

73 

1.0891 

74 

1.1001 

75 

1.1110 

76 

1.1221 

77 

1.1326 

78 

1.1433 

79 

1.1540 

80 

1.1646 

81 

1.1750 

82 

1.1856 

83 

1.1960 

84 

1.2064 

85 

1.2167 

86 

1.2254 

87 

1.2373 

88 

1.2475 

89 

1.2578 

90 

1.2681 
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With  reference  to  calculation  "length  of  Elliptical  Dome",  by  DQL  on  3-10-72. 

leA  =  «^i  =  oEiB  -  aEiA  ==  a{EiB  -  Eia)  (6.3a) 


E  = 

-  j   \/l  -  ^2  sin^  (j)d(j) 

Va^- 

-h^ 

V69.1252- 41.3752 

V3066.375 

(6.3b) 
(6.3c) 

a 

k 

69.125 

69.125 

Limit  A  =  9()°  -  tan^ 


0  =  sin"' A;  =  53°  14 


40' 


41.375' -7.64'y 

A   =  90° -49.857  =  40.143° 


Limit  B=^  =  90° 

At  (t)  =  40.143°./?,.  «  .666 

(6.3d) 

I J  =  (69.125)(1.275  -  0.666)  =  (69.125)(.609)  =  42.097'(12.831  m)        (6.3e) 


At  (t)  =  40.143°,£'M  «-666 

At  (t)  =  90°,£ii;=  1.275 


_^  (O3)  =  1^^416X10233)  ^^2.8815°)  =  23.02'(7.165  m) 

I  -R'  -  60' 

■'  ~    cos  6/4 


/1  =  y  (15.43)2  -  (12.50)2  =  9.05'(2.7858  m) 
E\  =  871.44  -  9.05  =  862.39  =  Anch.elev. 


(6.3f) 


Where 

R'  =  distance  from  £  of  dome  to  external  edge  of  ring  girder  (6.3g) 

-^Smm=^=''-'''^'-'''"''^        (6.3h) 

Lt  =  42.100'  +  23.02'  +  15.43'  =  80.55'(24.552  m) 
Compute  Elev.  of  Anchorage  Point  on  Ring  Girder: 


(6.3i) 
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6.2.11.2  Equations  of  Curvature  for  Elliptical  Dome  at  specific  Location 

Figure  6.5  gives  tlie  curvature  phenomenon  of  the  elliptical  dome  at  specific 
location. 

Ellipsoid  at  right  has  the  equation 


x2        >>2        ^2 


1 


a2    '    /,2    ■    ^2 

where 

\x\<a,\y\<b,\z\<c 

If  a  plane  x-z  cut  through  the  elHpsoid  @  j  =  0,  then  the  equation  reduced  to: 


1 


(6.4) 


which  is  the  equation  of  elhpse. 

Further,  if  the  plane  x  —  z  cuts  through  the  ellipsoid  @  y  =  y,  where  ji  <  b, 
then  the  equation  of  an  ellipsoid  becomes: 


=  constant 


(6.4.1) 


Fig.  6.5  A  curvature  at  specific  location  of  the  elliptical  domes,  (a)  Curvature  is  xyz.  (b)  Plan 
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2  2  2 

-  +  -=1--^  (6.4.2) 

2  2 

or — -  + — ^=1  (6.4.3) 

a2(l-^)     c2(l-^) 

Reference  to  Fig.  6.5b  section  A\  —  A\  cut  the  ellipsoid  at  F  =  0  then  the 
section  has  the  equation  of  the  form: 

2  2 


a2       c2 


Let 


«  =  69.125'(21.069m) 
c  =  41.375'(12.61  m) 
xy  =40.0'(12.192m) 


Then 


2   2  2-2 

^2  _  a  c   —  ex 

2  _  69.125)^(41.375)^  ~  (41.375)^(40)^ 
(69.125)- 
z  =  33.7441ft(10.285w) 

Let  section  A2  —  A2  cut  the  ellipsoid  @  y\  =  26.25',  the  section  has  an 
equation: 


z2 


a2(l-ii)      c2(l--;4) 
where 


—  =  1  (6.4.4) 


X2  =  ^J{AOf  -  (26.25)'  =  V910.9375  =  30.1817(9.2  m) 
h  =  69.125' {11.069  m) 

Solve  for 

xl  910.9375  910.9375 


a^{\-§)       (69.125)2(1 -f^)      (69.125)2(1-14421) 


.2228 
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c^  ( 1  - 13)  =  (41.375)^(1  -  .14421)  =  (41375)^(.8558)  =  1465.0 

0.2228  +  —^-—=  1.0 
1465.04 

z^  =  (1  -  .2228)(1465.04) 
z2  =  (9.7772)(1465.04)  =  1138.6290 
z=  33.7435(10.285  m) 

Radius  of  curvature  of  section  A2  —  A2: 


Major  axis  a  =  ^J{69.n5f  -  (26.25)^  =  V4089.2031  =  63.95(19.492  m) 

Major  axis: 

Previously  where  x^  —  30.1871  : 


where  x^  =  0 


z2 

0.2228+———=  1.0 
1465.04 


z-  =  1465.04 
V1465.04  =  38.28'(1 1.67  m) 


Find  radius  of  curvature  @  pt.  z  ~  33.7441 

a  =  63. 95' (19.442  m) 

c=38.28'(11.69ot) 

.X2  =  30.1817'(9.2«i) 

z  =  33.7435'(10.28w) 


..        .                         (aV  +  c4x2)'/2 
R2  =  radius  of  curvature  =  ^ — 

^  [(63.95)^(33.7441)-  + (38  28)^(30.1817)T^-  ^  98.8930'(30.1426  ,.) 
(38.28)- 

Radius  of  Curvature  @  pt.  x^  =  0,  z  =  38.28'(1 1.668  m) 

[(63.95)^(38.28)- +0]'/-^  ^^^^3     3^  ^^3 
(38.28)- 
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Angle  formed  by  C.G.  Tendon  with  respect  to  the  Horizontal  Axis  of 
section  —A2: 


X2  ^  V602  -  26.252  =  V2910.9375  =  53.953(16.4449  m) 
53  9531' 

62  =  56°  -  57' 
O4  =  90°  -  (56°  -  56'  -  00) 
04  =  33°  -  04' 
.    ^,       30.1817'       ,^^, 

61  =  17.77°  =  17° -46'-  13 


(16.4449  m) 
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63  =  90°  -  (56°  -  57'  -  00  +  17°  -  46'  -  13) 
03  =  90°  -  (74°  -  43'  -  13)  =  15°  -  14' 

Length  of  Tendon  of  Section  A2-A2: 

lJ  =  a{EB-EA) 

Knowing  that 

a  ==63. 95' (19.492/12) 
&  =  c  =  38.28'(11.07m) 


V^I3p  ^  ^(63.95)^  -  (38.28)^ 
a        ~  63.95 

k^  .8011.  0  =  sin"' (-8011)  =  53.75° 

Limit  A  =  ^  =  90°  -  tan"'  {§^)  =  90°  -  tan"' (0.8944) 

=  90°-41.8°  =  48°ll'24 
Ea  ~  0.7823 

Limit  S  =  (j)   =  90° 

Eb^  1.2750 

Ij  ^  63.95(12.750  -  .7820)  ^  63.95(.4930)  =  31.53' 

Lt  =  31.53'  +  26.37'  +  16.26'  =  74.16' (22.604  m) 


6.2.11.3  A  Spheroid  Equation 

Similar  to  ellipsoid  a  spheroid  has  an  equation  of  the  form.  A  reference  is  made 
to  Fig.  6.5d. 

222 
x^      y^      z- 

h  — H =  1 

a^      h^      c2 


where  a  —  b  —  c  —  r ,x^  ^ y^  +  z'-  —  p- 
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PLAN 


SPHERICAL 
PORTION 


Fig.  6.5d  Plan  for  spheroid 


At  any  section  where  y  =  y\  =  constant 

Now 

X^  +  z2  =  (^2  -  j2) 

Which  is  an  equation  of  a  circle 


X3  =  V(60)    -(52.5r 
=  7843775 
=  29.0473'(8. 85362/17) 
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?.of  Dome 

k 


<-- 


\ 


Ayv 


29.0473' 


Fig.  6.5  (e)  Section  A2  -  A2 
We  have 


(8.85362  m) 


x^  +  z2  =  (r2-v^) 


r  =  R2  =  102. 33'(31. 190  m) 
y\  =  52.50'(16.002m) 
z^  =  (102.33)^  -  (52.5)^  -  (29.0473)^ 


where  X3  =  0 


z  =  V6871.433  =  82.8941'(25.266  m) 


z2  ^  102.332  =  52.52  ^  7715.178' 


z  =  V7715.178  =  87.836'(26.6273  m) 
Radius  of  curvature  (S)  X3  =  0,z  =  87.836'(26.6273m) 

[(29.0473)'*(87.836)-  +  (29.0473)^(0)]'/^ 
(29.0473)^ 


^2  = 


=  87.836'(26.6273m) 
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Radius  of  curvature  @  xj,  =  29.0473,  z  =  82.8941 

R.  .  [(29.0473)\82.8941)V(29.0473)\29.0473)Y^-  ^  87.836'(26.6273  tn) 
(29.0473)- 

Angle  formed  by  C.G. Tendon  with  respect  to  Horizontal  Axis  of  section 
A3-A3: 

,       29.0473'       ,,^^ 

02  =  10°  -  41'  -  39" 

04  =  90° -(70° -41'-  18") 

04=  19°-  18' -21" 


6.2.11.4  Length  of  the  Tendon  of  Section  A3-A3  (DQL) 

4  =  0 

,       nRoO^      3.1416  x  87.836  x  19.306      _  _  , 

^^  =  180^  = ^0^^ =  2'-^^^^ 

20^^       20.95       ^ 
'      COS04      cos(19.312) 

Lt  =  29.60  +  22.20  =  51.80/?  (15.79m) 
Similarly  this  distance  can  be  computed  through  out. 


6.2.11.5  Coordinates  for  the  Tendon  Length  (DQL)  section  A3- A3 
used  possibly  for  the  Infinite  Element  mesh  scheme 

Method  used 

Starting  from  £  of  dome,  determine  coordinates  x,y  with  respect  to  the  origin  of 
the  elliptical  curve  at  L  =  18" (457  mm) 

L  —  aE\ 

„       L  18" 


il 


a      67.5  X  12 
Ex  =  .0222 


Interpolating 
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([)=  1.270° 

sin(t)  =  sin(1.2701)°  =0.2217 
x^a&mO=  (67.5)(.02217) 
x=  1.4965'(0.456133m) 

X  =  17.9577" 


y^,lt^--'^^Ji39.15f-^''-''^'^'-''''^' 


(67.5)2 
39.74022/i'  =  476.88275"* 

Again  d^Rtypey  =  hcos(\>  =  39.75cos(1.2701)  =  39.74165/?(12.113255m) 

476.89982"*  checked. 


6.2.11.6  TVA  Response  Curve  for  Containments  Plates  No.  6.1-6.3  Were 
Decided  by  he  TVA  Preliminary  Earthquake  Response  Curves 
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TENNESSEE  VALLEY  AUTHORITY  07/07/73 
BNP  PRIMARY  CONTAINMENT  STRUCTURE 
TRANS.  +  TORSIONAL  RESPONSE 
GROUND  ACCELERATION  =  0.18  G 
SAFE  SHUTDOWN  EARTHQUAKE 

SPECTRAL  EARTHQUAKE  RESPONSE 
5.0  PERCENT  DAMPING 
HORIZONTAL  BENDING  MOMENT 


8 

Key 

1kft=  1.356  KNm 

00 

\ 

8 

\ 

CO 

h. 

\ 

UJ 

8 

\ 

o 
o 

\ 

!S 

5.^* 

9.0 

1 

^'^ 

■36 

1 

\                        66°.0  x10^K-ft 

o 
o 
6  - 

\               /       @  EL  620.0 

1            ^                                  1            1 

toO.OO 


20.00  40.00  60.00 

BENDING  MOMENT  *1o5 


80.00 


100.00 


Plate  No.  6.1  TVA  vessel  elevation  versus  bending  moment 
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TENNESSEE  VALLEY  AUTHORITY  07/07/73 
BNP  PRIMARY  CONTAINMENT  STRUCTURE 
VERTICAL  RESPONSE 
GROUND  ACCELERATION  =  0.18  G 
SAFE  SHUTDOWN  EARTHQUAKE 
SPECTRAL  EARTHQUAKE  RESPONSE 
5.0  PERCENT  DAMPING 
VERTICAL  LOAD 


CD60.00 


120.00 


180.00  240.00 

VERTICAL  LOAD*102 


300.00 


360.00 


Plate  No.  6.2  Elevation  versus  vertical  loads.  Ground  Acceleration  0.18  G  =  r„ 
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TENNESSEE  VALLEY  AUTHORITY    07/07/73 
BNP  PRIMARY  CONTAINMENT  STRUCTURE 
VERTICAL  RESPONSE 
GROUND  ACCELERATION  =  0.09  G 
1/2  SAFE  SHUTDOWN  EARTHQUAKE 
SPECTRAL  EARTHQUAKE  RESPONSE 
2.0  PERCENT  DAMPING 
VERTICAL  LOAD 


"40.00 


80.00 


120.00  160.00 

VERTICAL  LOAD*102 


200.00 


240.00 


Plate  No.  6.3  Load  versus  elevation.  Ground  Acceleration  =  0.09  Gl/2  safe  shutdown 
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6.3  Design  Calculations  for  Containment  Structures 

6.3.1  General  Criteria 

A  great  deal  of  substance  available  in  this  text  to  design  both  primary  and 
secondary  containments.  The  geometry  material  and  loading  are  always  domi- 
nant. The  decision  based  on  a  number  of  variables  has  to  be  made  regarding  the 
usage  of  prestressed  or  reinforced  concrete  or  perhaps  both  many  primary  and 
secondary  containments  have  been  designed  in  concrete  using  conventional 
steel  reinforcement  and  prestressing  system  to  resist  loads.  Here  typical  design 
parameters  and  prestressing  systems  adopted  for  the  TVA  Containment  have 
been  given.  Any  other  geometry  and  design  criteria  for  a  typical  vessel  of  a 
country  must  be  adopted  keeping  in  mind  the  methodology  given  in  theses 
preliminary  calculations  adopted  by  the  Tennessee  Valley  Authority  (TVA). 
These  calculations  give  a  fair  assessment  of  the  containment  prior  to  subjecting 
it  to  a  more  sophisticated  analysis  such  as  the  dynamic  finite  element  analysis 
involving  the  three  dimensional  behaviour  under  seismic  impact,  explosion  and 
hurricane  loadings  in  any  combinations.  These  calculations  cover  both  the 
dome  and  the  waUs  of  the  TVA  containments.  Whatever  criteria  have  been 
used,  the  calculation  follow  the  TVA  guidehnes.  Any  changes  needed  for  other 
containments  must  follow  that  country's  codified  methods.  The  author 
acknowledges  the  TVA  support  on  the  design  calculations. 


6.3.2  Types  of  Prestress  Losses 

Type  of  Loss  Value 

1 .  Seating  of  anchorage  None  (see  comments  1  below) 

2.  Elastic  shortening  of  concrete,  in. /in.  (see  comment  2  below) 

3.  Creep  strain  of  concrete,  in. /in.  per  psi  0.20  x  10"^ 

4.  Shrinkage  strain  of  concrete,  in. /in.  100  x  10"' 

5.  Relaxation  of  prestressing  steel,  psi  8%  of  0.65  for  12,  500p,v/(8625MV/m-) 

6.  Friction  losses  k  =  0.0003,  ^t  =  0.13 


6.3.2.1  Comments  on  Types  of  Losses 

1.  There  will  be  no  allowance  needed  for  seating  losses  in  the  end  anchorage, 
since  no  slippage  occurs  in  the  anchorage  during  the  transfer  of  the  tendon 
force  to  the  structure.  In  addition,  the  tendon  force  will  be  measured  by 
making  a  life  off  reading  after  the  anchorage  has  been  seated. 

2.  The  elastic  shortening  of  the  concrete  due  to  the  stressing  of  subsequent 
tendons  results  in  a  strain  changes  is  considered  in  determining  the  effective 
force  of  a  typical  tendon.  The  average  value  of  strain  loss  in  the  tendons  is 
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determined  by  taking  one  -half  the  stress  in  the  concrete  under  initial  prestress 
and  dividing  it  by  the  modulus  of  elasticity  of  the  concrete(50  x  10^  psi). 

3.  The  above  assumed  values  for  the  friction  factors  are  somewhat  larger  than 
the  factors  measured  on  full-scale  friction  tests  on  the  similar  projects; 
however,  the  hsted  values  are  based  on  those  used  in  similar  containments. 

4.  Prior  to  the  actual  tensioning  operation  of  the  containment  structures, 
friction  tests  will  be  performed  to  determined  the  actual  friction  factors 
and  stressing  data  will  then  be  revised  as  necessary. 


6.3.3  Primary  Containment  Structures 

6.3.3.1  Vertical  Prestressing  Losses  (A) 

a)  Shrinkage  losses 

Afg  =  E.  e,=  (29  X  10^ksi)(100  x  10"^)  =  2.90 ksi  =   (20  MN/m^) 

b)  Steel  relaxation  losses 

Axfg  =  12,500  psi{^6.2MN/m^) 

c)  sum  q/' creep  +  shrinkage  +  relaxation 

6.54  +  2.9  +  12.5  =  21.94  ksi(151.28MN/m^) 
Final  i^=  0.7/cpu  -  21.94  =  146.06 ksi(  1007 MN/m^) 

NOTE:  These  are  losses  may  not  be  recovered  by  prestressing  0.7/, 

Initial  prestress /in  =/=  146.06(1007M7V/nr) 

creep  =   6.54(45MN/m^) 

Shrinkage  =  2.90(19.99  MN/m^) 

l/2{Relaxation)  ~  6.23  ksi 

Total  161.73  ksi(1115MN/m^) 

d)  Dome  prestressing 
Tendon  at  26'  —  2  (7.9748  m)  from  the  £  dome 


Segment 

L 

KL 

a 

;i.a 

KL  +  na 

g-{KL+,m) 

Tx 

A 

0 

0 

0 

0 

0 

1 

1.0 

AB 

16.26'(4.96m) 

.00487 

0. 

0 

.00487 

.995± 

0.995 

BC 

626.37'(8.376m) 

.00791' 

.268 

.0348 

.0427 

.958 

0.954 

CD 

31.53'(9.610m) 

.00945 

.306 

.0394 

.0489 

.952 

0.907 
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^sc      26.37' 

dnr  ~ ~ ~  0.268 

R       98.89' 

_  LcD  _  31.53' 

"'^      i?AVG      106.83- +98.89-      -^^° 

To  =  -^  =1.103.-.  Frictionloss  =10.3% 


Segment 

L 

KL 

a 

/(.a 

KL  +  inx 

g-{KL+na.) 

Jx 

A 

0 

0 

0 

0 

0 

1 

1.0' 

AB 

22.2 

.00666 

0' 

0 

.00666 

.9935 

0.994 

29.60 

.00888 

.00888 

.992 

0.992 

BC 

29.61 

.00888 

0.337 

0.0438 

.0527 

.949 

0.994 

22.20 

.00666 

.0505 

.951 

0.943 

CD 

NO 

kbc  =  29.60' =  0.337- 

T 
To  =  ^=  1-060'. -.Friction  Loss  =  6.0% 


6.3.3.2  Layout  of  the  Containment  Dome  Assumptions 

The  flat  portion  of  the  DOME-RING-GIRDER  will  be  assumed  to  be  10'-3" 
(3.1242  m)  wide  in  order  to  satisfy  anchorage  requirement.  Therefore,  the  X-Y 
coordinates  of  points  "A"  are 


Xa  =  72.5  -  10.25  =  62.25(18.974m) 
Ya  =  903.5  -  879.0  =  24.5(7.4676 m) 


6.3.3.3  Computations 

Equation  for  roof 


X^ 


(70.5)'      (42.75)^ 


=  1 


7^  =  (42.75fi^Z^ 
(70.5)^ 
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PRIMARY  CONTAINMENT 


EQUIPMENT  HATCH 
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Fig.  6.6  Equipment  hatch  geometry 
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Slope  to  the  curve  above  @  any  point  can  be  forced  by  determining  the 
derivative. 


'(42.75) 


2  (42.75) 


(70.5) 


^Z2 


Y=  (1827.56 -0.3677Jr2) 


Defining  U=  1827.56  -  0.3677^2 

6.3.3.4  Layout  of  Containment  Dome  Verifiction  of  Tangent  Purpose 

To  verify  the  point  of  Tangency  of  the  Dome-Ring-girder  Intersection  for  final 
design  notes. 

Data 

The  roof  of  primary  containment  is  in  the  form  of  an  ellipse  from  £  R.B  to  the 
point  of  tangency  in  question.  The  equation  is  : 


X2 


r 


(70.5)^      (42.74)^ 
Info.  On  Sketch  Fig  6.6(a)  primary  containment  dome 


Fig.  6.6  (a)  Dome  verification  for  tangency  (dome  ring  order) 
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Then 

—  =  1/2(1827.56  -  0.3677.t2)'/^  •  —(1827.56  -  0.3677x2) 
ax  ax 

-f=  1/2(1827.56 -0.3677.t2)'/2(-0.7354x) 

With  above  equation  the  Slope  @  several  points  will  be  calculated 
Trail  #  1 

"x"  +  10.25'  =  27.5' 

x=  72.5- 27.5  =  45.0'(13.176«i) 

^  =  1/2(1827.56  -  0.3677(45)2)'''2-(-0.7354  x  45) 

^  (0.0151936561)(-0.7354)(45) 
Slope  =   -  0.5028036615 
when  x+  10.25  =  27.5' 

The  rectangular  coordinates  for  the  assumed  point  of  tangency  can  be  found 
by  solving  the  equation  of  ellipse. 

(45)'     ,>•'_! 


(70.5)2      ^42.75) 
j'=32.91'(10.031m) 
x  =  45.00'(13.716m) 

From  equation  of  straight  hne 

yi-yi 

X2  -  Xi 


Slope  =  m  = 
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Slope  of  trail  #  1 

32.91-24.5       8.41 

0.487536(1)  =  0.50280 

Trail  #  2 

.'.  Try  point  of  tengancy  @  27.0' 

X  =  72.5  -  27.0  =  45.5' 

-^  =  1/2(1827.56  X  0.3677(45. 5)^)''''-(-0. 7354  x  45.5) 
ax 

=  (0.0153117341)(-0.7354)(45.5) 
Slopes  -0.512341 

Rectangular  coordinates  for  assumed  point  of  tangency. 

.Y  =  45.5(13.8684/^2) 
v  =  32.66(9.9538  m) 


The  equation  for  straight  line 


32.66-24.5  8.16  ,,„^,, 
^^-^^=  45.3-62.2- 316:75  =  '^-^^^^^ 
0.48716ct)  =  0.512341 


Trail  #  3 


"x" +10.25==  28. 5/ee/ 
X  =  72.5  -  28.5  =  44.0 

^  =  1/2  (1827.56  -  0.3677(442)-'/-  x  (-0.7354)(44) 

=  (0.014969198)(-0.7354)(44) 
Slope  =   -  0.4843663801 
Whenx+  10.25   =  28.5  ft 
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Solving  equation  of  ellipse  when 

x  =  44'.0(13.4112m) 
>'  =  33'.402(10.181m) 

From  straight  line  equation 

33.402  -  24.5      8.902 
^^°P-=     44.0-62.25    -^  =  0-48778081 

Slope  of  ellipse  w  Slope  of  hne 

0.48436638  «  0.4877808 


Summary 

.•.  Tangent  point  to  the  ellipse  is  28.5  ft  from  edge  of  any  girder  x  =  18.25(5.5626  m) 

6.3.3.5  Dome  Layout  &  Design  C.G.  of  Tendon 

Elliptical  curvature  of  C.G.  ends  at  40'  —  0"  (12.19m)  from  £  of  Dome. 
Equation  of  Elhpse,  ^  +  "71=  1 
For  C.G.  of  Tendon 

a  =  67.5'  +  1.625'  =  69.125'  (21.069  m) 
b  =  39.750'  +  1.625'  =  41.375'  (1.986  m) 

From  Ron  Howerton's  oliveHi  program,  With  x  =  40'  y  =  33.74'  +  849.00' 
=  882.74'(26.9059m) 

(Elev:  of  transition  from  elliptical  to  circular  curve)  £1=882.747' 
[26.9059  m] 

Radius  of  curvature  R2  of  elUptical  dome  @  y  =  40'  =  102'  -  4"  [3 1.1 432  m] 

R2  a^'r+h^^^r-  lb' 

a  =  69. 125(21. 0693  m) 
ft  =  41.375(12.611  m) 
X  =  40' 
y  =  33.74' 
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Table  6.3  Table  of  Offsets  For  Eliptical  Roof  of  Reactor  Containment  Table  .  1 47 1 1  Imperial 

units  X  0.3048  =  {m) 

X  Y  y  (approx) 

5  39.6408  39'  -  8" 

6  39.5926  39'  -  7" 

7  39.5357  39'  -  6'/-" 

8  39.4698  39'  -  5'/-" 

9  39.3951  39' -4" 

10  39.3114  39' -3" 
12  39.1169  39' -1" 

14  38.8858  38'  -  10'/-" 

16  38.6174  38' -8" 

18  38.3108  38' -4" 

20  37.9631  38'-ll'/2" 

22  37.5800  37'  -  6" 

24  37.1532  37' -  2" 

26  36.6836  36'  -  8" 

28  36.1697  36' -  2" 

30  35.6083  35'  -  7" 

32  35.0005  35'  -  0" 

34  34.3405  34'  -  4" 

36  33.6264  33'  -  8" 

40  32.0187  32' -0" 

42  31.1204  31' -1'/-" 

44  30.1471  30' -2" 

46  29.0937  29'  -  1" 

48  27.9511  28' -0" 

50  26.7037  26'  -  8'/-" 

52  25.3492  25'  -  4" 

54  23.8554  23'  -  10" 

56  22.1993  22' -  2" 

58  20.341 1  20'  -  4" 

60  18.2104  18'-2'/2" 

62  16.7274  15' -  9" 

63  14.2831  14'_3i/2" 

64  12.6482  12'  -  8" 

65  10.72  10'  -  9" 
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Alternative  Tendon  Arrangement  for 
Solving  Anchorage  Problems 
key:  \"  =  25.4mm 


2" 

i 

n              •              •               •              • 

/ 

I 

r^ 

LO 

I 

rUl 

l>    ' 

^ 

'<■ 

_v               r 

^m 

/               t 

0 
0 

cn 

1 

Id 

CO 

t 
m 

T-IOJ 

O 

1 

r 

Alternative  1:  Bottom  layer  on  1^'  pour 
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< 

- 

LO 

ID 

■-(- 
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CD 
0 
0 
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I 

r 

"■ ^ 

-i-ICM 

o 

1 

Fig.  6.7  Alternative  II:  layers  touching  in  rniddle 
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Preaent  Situation 
key:  1"  =  25.4  mm 


f 


^^o^ 


u   i^a  ■  Cs. 


Q         ^   ■    £3 


^^O^ 


.  u  ■  .^  a  .  Cj  . 


o  ■  -  c^'  * ,  £? 


^  ^.'=- 


.  u  ■  (^  a  ■  &  ■ 


Oa,a 


O  ■   '  C>'  * ,  £? 


Fig.  6.8  Present  case 

Refer  to  Sketch  on  sheet  1  dated  6-6-72 

sin  01  =40.00'  =  .39089221 
0,  =  23°00'36' 


Ao  =  -^(102.33')^-(40)^  =  94.18826or94.19 

cos  02  =  |of^  =  .  58633831 
02  =  54°  06'09' 


CD  =  ^(102.33)  -(60)^  =  82.89408  =  82. 

03  =  90°  -  (01  +  02) 

03  =  12°53'15' 
E\  of  Transition  from  elliptical  to  cir.  cure  —AO 

882.74-94.191  =788.55 

E\  of  centre  of  spherical  curve  +CZ) 

788.55  +  82.89  =  871.44 
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Dome  Tendon  Layout  3  -  Layer 
key:  1"  =  25.4  mm 


Plan  of  Dome  Tendons 


e- 


15^3- 


B- 


1-ICM 


-© 


/ 


(b) 
Fig.  6.9  Bar  locations  and  dimensions 


Eleve:  of  Transition  from  spherical  to  conical  curve=  E\  871.44 


04  =  90°  -02  =  90°  -  54  06'  09' 

04  =  35°53'51' 
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Key  :  \ft  =  0.3048m 


A 

) 

^ 

-   " 

i 

1         Pi  ^ 

^ 

^ 

/ 

1                 / 

X 

c 

/ 

,f^     /  / 

) 

/ 
/ 

''  y 

II 

/ 

l^   / 

/ 

/ 

.        /    -  / 

/ 

/ 

.  /y 

;^ 

CO 

/ 

/ 
; 

'// 

a> 

/ 

1 

1/ 

0  Si 

1  26.25'         I 


Fig.  6.10  Length  of  dome 

Reactor  Bldg.  Dome  Length  of  Tendon 


GUI  side 
edge  of 
Ring  Girder 


End  of 
spherical 
curvature  of 
Tendon  C.G 


ylA^l 

=  i?sm0i 

sin0| 

26.25' 

.36206 

72.50 

01- 

2ri3'36' 

A^iPi 

=  RversOi 

\ersO 

1  =  1—  cos 

0 

^2sin2l/20i 

^=10°36'48' 

sm- 

=  0.18418 

NiPi  =i?(2sm-l/20i) 

=  72.50(2)(. 18418)^ 

=  4.91872'(1.5w) 

PiSi  =  72.50'  -  4.91872  =  67.58128'(20.599«i) 
X=  67.58128'  -  53.2531  =  13.6282'(4.15388m) 
13.63 


/,• 


cos  04 
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6.3.3.6  Reactor  Bldg  -  Dome  Length  of  Tendon 

Key:  1/?  =  0.3048  m 
A 
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.1^1 

\^ 

V 

\v3 

Pi 

<?^A 

/ 
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/ 
/ 

/ 

X 

\   \ 

\\ 

CO 

p 

CM 

\ 

/ 

o 


52.5' 


Si 


Fig.  6.11  Length  of  tendon 


ANx  ==  i?  sin  01 

sin  0  =  ^^==  0.72413 
72.50 

01  =  46°23'48' 

jVii'i  =i?(2sin2l/2  0i) 

1/2  01  =23°11'54" 

jViPi  =  72. 50(2)(. 39391)^ 

sin  1/2  0  =  0.39391 

jVii'i  =22.4980 

Pi 5*1  =  72.50  -  22.4980  =  50.0011 

X=  50.001  -  29.0473  =  20.9530  =  20.95' 


6.3.3.7  Dome  Layout  Horizental  Measure 

Purpose 

To  determine  the  proper  spacing  of  Dome  Tendons  to  obtain  Equal  Areas  of 
NO  Prestress  in  Ring  Girder  Region  size  of  Dome  from  Bulds. 

Known  Data 

41N711 
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Computations 

Assuming  the  tendon  groups  divide  section  in  red  into  12  equal  parts;  therefore 
Each  segment  is  360°-^  12  or  30°  from  each  sketch  pglOj  —  O2  ~  30° 
And  02  +  02  =  30° 
Or  2O2  =  30° 

O2  =  15° 

.-.01  -  15°  =  30°     01=45° 

from  sketch  cos  0i  =  X/12.5 

X=  72.5  X  cos  45°  =  51.26524/r 

Say  5r-3"  checks  value  used  (ok) 


6.3.3.8  Vertical  Prestress  Calculations 

To  determine  the  required  vertical  prestress  force  necessary  to  withstand  load 
cases  of  design  criteria  and  to  comply  with  BELLEPONTE  PSAR. 


Assumptions 

1-  Critical  section  for  vertical  Tendons  is  2t  base  of  wall  (EL620.0) 

2-  Concrete  is  not  counted  on  to  resist  tendon 

3-  Liner  is  always  in  compression. 

4-  Force  in  reinforcement  balances  the  force  in  liner. 

5-  At  accident  tendon  elongation  increases  stress  in  the  Tendon. 

6-  According  to  latest  AEC  guidelines  earthquakes  must  be  considered  to  occur 
in  three  directions  simultaneously  the  effects  of  the  earthquakes  must  be 
computed  by  taken  the  square  root  of  the  sum  of  the  square  of  the  maximum 
responses  at  a  particular  point  caused  by  each  of  the  three  components  of 
motion  (two  orthogonal  horizontal  motions  and  one  vertical  motion). 


Explanation 

In  order  to  determine  the  max.  {F)  force  to  be  resisted  by  vertical  prestress.  The 
three  motions  will  be  combined  as 


E*  =  ^{Vf+{HN  -  Sf+{HE  -  W)'- 
But  when  H^  —  Eis  max.  He  —  W 


E*  =  J{Vf+{Hf+0^ 
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Primary 
Containment 


Bending  moment 
Pressure  Distribution 
(No  vertical 
component) 

(E-W) 


E-N 

Hn-s  =  0 


IVIax 


Fig.  6.12  Force  resisted  by  vertical  stress 


Vertical  Prestress  Calculations  Computations 

A-ControUing  Load  Case. 

Vertical  free  body 
Notation: 

F  =  final  prestress  force 
DL  =  dead  =  live  load 
E  =  load  due  to  earthquake 


Fig.  6.13  Controlling  load 
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P  ~  presure  load 

RL  =  force  in  liner 

RS  =  force  in  reinf.  steel 

#  Cases  or  bar  number  -  American  Practice 

From  previous  calculations  it  has  been  determined  that  load  cases  8  and  9  of 
design  critical  control  vertical  Prestress. 

#8-      1.00+  1.0L+  1.0F+  \.25P+  \.0R+  \.OTa+  \.25E 
#9-      1.00+1.0L+1.0F+  \.(>P+\.QTa+\.(iRa+\.QRs+\.OE 

Note: 

1.0i?o,  l.Oi?,  X.ORa,  are  small  loads  that  will  be  considered  to  act  only 
locally.  These  loads  are  not  axists  metrical  and  most  be  handled  separately. 
Therefore,  they  will  be  ignored  for  prestress  determination  1.072  will  20  be  ? 

1-  LOAD  CASE  #8 

From  free  body  sheet  2  to  balance  vertical  forces  (see  assumption  4) 

1.0^+  1.0/)=  1.25P+  1.25£' 

.'.Dead  load,  Pressure  and  Earthquake  must  be  determined. 

2-  DEAD  LOAD  (1. CD) 

l.OZ)  is  made  of  wall  and  Dome  weight 
l.Owa//:  229.4/77 
weight  =  (229.4)  (3.54)  (0.1 50  ^'//i')  =  120.23 /fc///=  1754.64^A^/m 

2  Dome.  Surface  of  Dome  Forms  9one-half  Oblate  spheroid  with 
di  =  67.5 bi  =  39.75  from  Ref.#6  pgl7,  formula  for  surface  area. 

S  —  ino  +  n  —  m 

e     1-  G 


/a2  —  ip. 
where  e  ecentricity  = 


67.5  67.5 

„      -,   /^7o2^    (39.75)2      jgQg2 

S=27t(67.5)  +7:^ ^m 

^        '         0.8082      0.1918 

S  =  28, 627.76  +  13, 778.59  =  42406.35 


Dome  inside  surface  area  =  1  /2  S 

Sm  =  21,203.17,/i'-(l969.84m2) 
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Out  side  sur  face  9  ==  70.5'     h  =  42.75' 


(70.5)^-(42.75)^ 

—  =0.79517 


70.5 

5  =  31, 229.0  +  15, 673.35  =  46902.35 
SAo  =  23,451.176/r(2178.69m2) 


6.3.3.9  Vertical  Prestress  Calculations 

.•.  Average  Surface  5rea 

SAi^  .  21,203.17  +  23,451.18  ^  ^^^  327,75/.^ (2072.36 m^) 

Weight  of  dome  =  (22,327.175,/i-)(3.0)(0.15/t/ft^) 

Wd  =  10, 047.23  A:(44.690MAf) 

Weight  per  foot  =  10,047.23 /2jj(69  25)  ^  23.09  k/ft{336.975KN/m) 

3  Ring  Girder.  Volume  of  ring  girder  will  be  determined  by  sealing  from 
sketch  sh.6 

Using  plain  meter  the  Un-  shaded  area  of  sheet  #6  has  been  estabhshed  as 
14.8  ft^ 

.-.  Wrg  =  148/?2  X  o.\5k/ft^  =  22.2k{9%.15KN) 

a-\.OD=  Ww  +Wd+  Wrg 
=  120.23  +  2.09  +  22.2=  165.52 /<//i'(241 5.60  KN/m) 
h  —  pressure(l.OP) 

Design  accident  pressure  =  50.0  psif  0.345  MA^/m 
Uplift  from  pressure 

1 44n"       1  ^' 

p  =  50#/H"  X  -^^  X  ^^^  X  7:(67.5)l(;r)(138.5)- 
p  =  236.86  k/ft  say  237k/ft  (50.4773MN/m) 
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6.3.3.10  New  Earthquake  Response 

For  SSE 


Pae  =  204.0  X  10- k 
ME  =44.8  X  10^ /c- 4 


204.0  X  102 


1523 


44.3  X  105/c-4x  69.35' 


n2 


3,653.332 


=  V179.4157  +  7209.1912  =  V7388.6089 
E  =  85.9570 k/ft  x  3.5  =  300.25  k/ft  (4.382 MN/m) 
1.25E  =  1.25  X  30025  ==  376.06  k/ft  (5.4884  MN/m) 


For  SSE 


i'^£  =  313.0  X  lO^kips 
ME  =67.2  X  lO^kips-ft 


TE  = 


313.0  X  102kipsy 


67.2  X  10%ips  -  ft  X  69.25 
3653.832 


1523  ft^ 

=  V422. 37 +16222.068  =  V16643.05 
=  129.01  k/ft^(6.167MN/m^) 
E'  =  129.01  k/ft^  X  3.5  ft  =  45153  k/ft 
1.0£=  451.53  k/ft 

Case#8 

1.0F+  1.0/)=  1.25P+  1.25^ 
1.0^=  296.52  +  376.06  -  165.52 
=  506.79  k/ft 

Case#9 

1.0F=  1.0P+  l.oE'  ~  l.OD 
=  236.86  +  451.53-  165.52 
1.0^=522.87  k/ft 

.'.  Load  case#9  controls  design  conclusion. 
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Present  prestress  force  of  530  k/ft  (7734.82  KN/m)  is  more  than  523  k/ft 
reqd.  by  controlling  load  CASE. 

.-.From  pressure  l.OP  =  236.86  «  237 k/ft  (3.459 MN/m) 
1.25P  ^  296.25  k/ft(4.234  MN/m) 
1.50P^  355.5  k/ft(5.2  MN/m) 

6.3.3.11  Earthquake  Forces -1.0£  and  \.0E' 

The  effect  of  three  component  earthquake  must  be  considered  according  to 
AEC.  This  will  be  done  by  taking  the  square  root  of  the  sum  of  the  squares  of 
each  component.  From  Bending  Moment  pressure  distribution  may  upUft 
occurs  over  a  90°  quadrant  and  is  constant  @  H„,ax- 


where 


Thus, 


ff£ 


Pae  =  vertical  load  from  earthquake. 
Me  =  bending  moment  from  horizental  component. 
Aw  —  moment  of  inertia  of  cyhnder. 
C  =  radius  top  of  wall 

Aw  =  n{rl  -  tj)  =  n({7l)-~{67.5)A  =  7r(484.75) 

Aw^  1522.89  say  1523  ft- 

I=n/64[d^  -  4]  =  71/64 [142^  -  (135)^ 

=  3,653.882  ft'* 
c  =  67.5  +  3.5/2  =  9.25/^ 

1.  1/2  Safe- Shutdown  Earthquake 

From  R&D  spectrum  see  sheet  #  9  and  10 

P^£  =  2.215  X  lO'^kip 
Me  =  47.5  X  lO^kip/ft 


//2.215  X  104\V  /4.75  X  10*  X  69.25' 


15.23      /      V  3653882 
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(T£  =  V8315.0  =  91.19k/ft2 
E^  (91.19/c/ft2)(3.5/r)  =  319.15k/ft 
\.25E^   398.94 k//?(5. 8354 MN/m) 
2.  Safe  Shutdown  Earthquake 
From 

Pae=  3.13  X  XO'^kip 
Me  ^  66.0  X  XO^kipft 


"3.13  X  lO^ky     /66.0  X  105k.ft.69.25 
'^'^  ~  V  I    15.23ft^    /  ^  V        1653882?? 


'(20.55k/ft)2  + (125.09)^ 
=   V1606.81 
ge  ^  126.77k/ft2 

E'  =  126.77k/ft2  X  3.5/r  =  443.68k/ft 
1.0£"  =  443.68k/ft(6.5MN/ni) 
LOAD  CASE  8  Required  Prestress 

\.0F+  1.0/)=  1.25P+  1.25^ 
1.0^+  165.52  =  296.25  +  398.94 
1.0^=  529. 61k/ ft  {1.16MN/m) 

II  LOAD  CASE  9 

From  free  body  5A.2  statics  gives  1.0i^+  l.OZ)  =  1.0P+  1.0^ 
Substituting  values  from  proceeding  pages 

l.Of  +  165.52  =  236.86  k///  +  443.68k//it 
1.07^=  515.2  k/ft(7. 546  MN/m) 
1.07^3  >  l.Oi^g  .'.  load  case  eight  controls 
.•.  Reqd  vertical  prestress  ~  529.61  k/ ft 

Say530k/ft(7.765MN/m) 

Note:  This  force  is  reduced  by  64  k/ft(0.9rMN/ni)  over  original  estimated 
values.   Calculations  must  be  made  to  optimize  the  amount  of  prestress 
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provided  to  reduce  reinf  steel  necessary  to  withstand  sheer.  Fin  al  prestress 
@Accident  =  502k/ft.  manufacturers  supply  564k/ft  the  reserve  prestress 
Ftr  =  62  k/ft@  accident  use  have 

62  X  1^  =  65k/ft(0.9523  MN/m) 
.-.Ftr  =  65k/ft  (0.9523  MN/m) 

B.  Required  Final  Prestress 

From  sheet  #  13  the  required  force  is  530  k/ft  however  the  prestress  force  may 
be  reduced  because  of  Tendon  Elongation.  Since  tendon  elongation  depends  of 
final  stress  in  tendon,  an  estimate  of  this  will  be  made  and  the  reserved  @later 
time. 

Based  on  preliminary  Cale  by  EGB  &  NP  (see  reference  cj)  =  1)  and  calcula- 
tion by  sergeant  &  Lundy  the  final  stress  is  144.9  ksi  and  @accident  fs=  151.3 

The  estimated  final  prestress 

144.9 

7v=  530 k/ft  x——=  506 k/ft(7.4134 MN/m) 

C.  INITIAL  PRESTRESS 

In  order  to  estimate  losses  an  initial  prestress  force  must  be  determined. 
However  initial  prestress  and  losses  are  interdependent. 

From  previous  calculations  the  primary  containment  under  different  loading 
it  has  been  determined  that  the  initial  stress  in  tendons  is  approx 
\6\.%ksi  {11X5. 6MN/m-) 

and  final  stress  is  approx  144.9fcv/(999MA'^/m^) 

^       506  A-      161.8ksi      ^^^  „,  ,^ 
Pt  =  —r-  X  ...a,    ■  =  564.9k/ft 
ft         144.9ksi  ' 

565k/ft(8.28MN/m) 
Check  of  Initial  concrete  stress. 

_i^/  +  /)L_  565+ 165.32  _  730.52 /t//i 
■^"  ^     AW     ^      (12)(42)      ^    504/c//r 

Fc,  =  1440  psi<  ^  0.3/c  ^  (0.3) (5500) 

Fci  =  1440  psi<  1650  psi .-.  ok 

9.93  MN/m^  <  1 1 .38  MN/m^ 
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Summary 

The  final  prestress  force  @  Accident  =  530  ^'/ft  (7.765  MN/ni). 

The  esfimated  final  prestress  before  accident  =  506  kft  (7.4134MN/m). 


6.3.3.12  Vertical  Prestress  Losses  Purpose  Of  Computations 

To  determine  the  prestress  losses  for  vertical  Tendons  in  order  to  compute  the 
required  prestress  force  for  design. 


Data 

E,  =  5.0  X  10^, £,  ==  29  X  10V"',«  =  3^5.8 
/;  =  5500  psi,  £■/,.,-  =  240ksi(1659MAf/«r),/py  =  192ksi(1327MN/m^) 


Assumptions 

Final  prestress  and  losses  are  interdependent  therefore  d  value  for  final  prestress 
will  be  estimated  and  losses  will  be  calculated.  Then  the  process  will  be  repeated 
to  see  if  changes  are  required  for  final  prestress. 
Assume  final  prestress  of  506  k/ft. 


Computations 

1 -CREEP  LOSSES 

From  PSAR,  Creep  strain  of  concrete  =  0.20  x  10^ 
Assuming  Ftf  =  506k/ft 

Initial  prestress  «  506('||U)  =  565.02k/ft  =  (8.28MN/m) 
Concrete  stress  due  to  Fi 

Strain  change  in  concrete 

AEc  =  (1.128)(0.20  X  10^"''")  =  2.26  x  10""* 
Steel  stress  change 

Af,  =  (29  X  10^)  X  (2.26  x  lO"'*)  =  6.54ksi(45.1MN/m^) 
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5.  Losses  Due  to  Elastic  Shortening 

Elastic  shortening  will  be  calculated  according  to  procedure 

.,.       «  X  Fo 
Ac  X  2 

Where:  Fq/Ac  =  initial  concrete  stress  from  prestress 

«  =  Es/Ec 
Assuming/o  =  1128psi(/o  =  565k/ft) 

Afs  =  (Ml(^  =  3.27ksi{22.547MN/m^) 
.".In  order  for  tendon  stress  @, anchorage  to  equal  168 ksi  the  tendon  must 

be  ANCHORED 

Fs  =  168  +  3.27  =  171.27^/(1 181M7V/m2) 

6.  Friction  Loss 

From  Ref#  5  the  loss  due  to  friction  is  1 1.2yo 

.•.An  increase  in  stress  of  11.2%  in  necessary  to  overcome  friction  loss. 

11.2%  o/171.27ksi=  19.18+171.27=  190.45  «  191  ksi(13.7MN/m^) 

151<0.8/pg  =  192ksi(1324MN/m^)(OK) 

Therefore  friction  and  elastic  shortening  may  be  overcome  by  over  stressing. 

Purpose  of  Computations 

To  recalculate  the  friction  loss  sustained  by  vertical  Tendons  from  Tendon 
Gallery  Base  Slab  to  Ring  Girder  Anchorage.  This  loss  is  necessary  for  calcula- 
tion of  required  vertical  prestress. 


Data 

Dimensions  from  Design 

(SEE  sheet  3  for  copy  portion  of  this  DRG  ) 


a:  =0.0003    wobble  coefficient      , 

.  !>  PSAR3.8. 1.4.1.6 

/,!  =  0.13        curvature  coefficient 
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Assumptions 

Friction  ignore  for  average  Tendon  will  be  calculated  and  used.  Deflected 
Tendons  will  be  considered  separate  due  to  insure  the  additional  losses  do  not 
alter  design.  For  straight  portion  of  Tendon  have  wobble  friction  loss  and 
curved  portion  has  both  wobble  curvature. 


Primary  Containment  Structure  Computations 

1 .  Equation  of  Friction  Loss 

The  ring  girder  has  curvature  in  it. 
Equation  from  Ael  EQ  friction  loss 


Ps  =  P.e' 


(KL+nx) 


Where: 


Ps  ^  force®  Jacx  G  END 

Py  =  Force  @  paint  of  question 

e  =  natural  log  base 

k  =  wobble  friction  loss  coefficient. 

L  =  length  ofstrand  being  considered. 

^  =  curvature  friction  coefficient. 

a  —  angle  change  for  strand. 

and  A- =  0.0003  ^(  =  0.13 

2.  Loss  Calculations 

See  sheet  3  for  sketch  and  segment  numbering.  Segment  +  BC  is  only  segment 
with  curvature  a  =  ir30'  =  0.2007,  L  =  R.a  =  (30')(0.2007)  =  6.021ft 
Then  11°30' =  zl£'Z./30 

zl£L  =  6.104ft855  =  861.10ft(262.463m) 

3.  Table  Losses 

Segment       L  KL  a  /(.a  KL  +  na       e-'-'^^+'">        Tx 


A 

0 

0 

0 

0 

0 

1.0 

1.0 

AB 

12.52' 

0.003756 

0 

0 

0.003756 

0.99625 

0.99625 

BC 

6.021' 

0.001806 

0.2007 

0.0261 

0.027897 

0.972488 

0.968841 

CD 

248.5 

0.07455 

0 

0 

0.07455 

0.928161 

0.89924 
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P^  =  0.89924' P5 
1 


0.89924  • 


Pv^  1.11205Pa 


.•.  To  obtain  Required  Jacking  Force  (or  stress)  the  desired  force  must  be 
increased  11.2%. 


Conclusions 

1.  Vertical  Friction  Loss  for  Average  Tendon  is  11.2% 
Summary  of  Forces 

Condition  Prestressing  Force 

Initial  Jacking  498  k/ft(7.2962  MN/m") 

Anchorage  436  k/ft(6.388  MN/m') 

Design  Fs  =  ( 1 6 1 . 8  ksi)  420  k/ft(6. 1536  MN/m") 

Final  Before  Tendon  elongation  @  accident  373  k/ft(5.465  MN/m^) 

{fs=  143.9 /v'.v/) 

After  tendon  elongation  after  accident  396  k/ft(5.802  MN/m^) 
{fs=\S2.1ksi) 


6.3.4  Dome  Prestressing:  Description  of  Tendon  Arrangement 

Dome  tendons  are  arranged  in  three  groups,  each  group  related  60°  apart. 
Tendon  in  each  group  run  in  vertical  planes  parallel  with  vertical  plane  thru  £ 
of  tendon  group.  Spacing  of  tendons  in  each  group  is  approximately  42"  and 
spacing  is  begun  at  approx:  52'-6"  from  of  roof. 

There  will  be  three  layers  of  Tendons,  are  in  each  of  the  three  directions. 

Each  group  of  Tendons  will  take  1/1.5  times  the  required  prestressing  force. 
For  check  on  this  see  roof  plane  on  sheet  2.  Red  cross  hatching  indicates  areas 
where  2  groups  of  tendons  are  anchored.  Single  red  hues  indicates  where  only 
one  group  of  tendons  are  anchored. 

Each  anchor  zone  is  divided  into  12  equal  areas.  Vi  of  these  areas  have  one 
tendons  group  anchored  where  each  group  will  take  1/12  of  the  prestressing 
force.  Also  Vi  the  anchor  areas  where  2  groups  offending  area  will  take  1/6  of 
the  prestressing  force  with  each  direction  contributing  1/12. 

Summing  12  increments  around  circumference  of  dome. 

6x1/6=  1.0 
6x  1/12  =  0.5 
1.0  +  0.5=  1.5 
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1.5  times  required  prestressing  of  force  is  furnished  by  all  the  tendons,  therefore 
the  computed  prestress  force  will  be  divided  1.5  to  act  read  prestress  Assump- 
tion and  Criteria  for  design. 

(1)  All  computations  for  prestressing  requirements  will  be  based  upon  the 
centre  of  gravity  of  the  dome  tendons. 

(2)  The  tensile  stress  in  the  prestressing  tendons  exert  a  normal  force  on  dome  which 
depends  on  the  radius  of  curvature  of  the  tendons.  Tendons  will  have  a  different 
curvature  which  will  result  in  Normal  forces  that  vary  through  out  the  dome. 

(3)  Since  the  Tendons  are  placed  in  three  different  directions,  the  normal  forces 
will  have  to  be  computed  in  each  direction  for  certain  critical  points  in 
dome.  Each  critical  point  will  have  three  "normal"  forces  acting.  These 
forces  will  have  to  be  summed  vertically  to  obtain  a  resultant  force.  Liberal 
sketches  will  be  provided  to  locate  these  critical  points. 

(4)  Final  prestressing  force  in  Dome  will  be  based  on  the  resultant  effect  of  the 
above  mentioned  "Normal"  forces. 

(5)  Dome  Tendons  are  anchored  at  different  angles  (in  relation  to  a  horizontal 
plane).  At  least  every  other  tendon  will  be  anchored  on  a  different  angle  at 
ring  due  to  the  fact  that: 

(a)  The  curvature  of  the  dome  is  constantly  changing  at  location  of  each 
Tendon. 

(b)  With  3  layers  of  tendons,  each  layer  has  to  emerge  from  ring  girder  at 
different  elevation.  Therefore,  an  average  angle  of  emergence  thru  the 
ring  girder  will  be  used  to  determine  the  horizontal  and  vertical  compo- 
nents of  the  prestressing  force  at  the  ring  girder. 

(6)  When  all  prestressing  forces  have  been  determined,  they  will  used  in  a 
computer  analysis  of  the  containment  wall  and  dome  to  arrive  at  stresses 
and  deformations  in  the  structure. 


6.3.5  Dome  Vertical  Components 

6.3.5.1  Statics 

Total  Uplift  Force  on  Dome  Must  be  Balanced  by  Vertical  Component  of 
Dome  Prestressing  Force. 


F  X  circum  +  W\ 


DOME 


H^DOME  =  (vol.  o/ Dome)  x  ('l50ibs/ft^^^ 

Volume  =  Area  x  3.0' 

Area  ^  (80.6) (27r) (35)  =  17,700 
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Fig.  6.14  Uplift  force  on  Dome 

Volume  =  3  X  17,  700  =  53100/?^ 

WGT  =  53100  X  0.150  =  7960-  10,047  KN  (actual) 

P^  (0.075A:)(144)(7i)(67.5)^=  154,500k 

/'(AVl)(7t)(135)sin35.9°=  154.500-7960=  146,540 

249F=  146,540 

F=  588 /:/l  ±  (8.615M7V/ot)± 

Prestressing  provided  593  k/z  (8.69  MN/m). 


6.3.6  Dome  Prestressing  Elliptical  Dome 

For  design  accident  pressure  P  =  50/?.?r(344.75  KN/rcr) 

P  =  50 psi  X  144'"7/P  =  7.20 /c/ZKO.  1055  MN/m) 
Dead  load  =  0.\5k/fP{3.0ft)  =  0A5k/ft 
l.5p=l.5x  7.20  =  10.80fa/(48.04^Af) 

Critical  Design  Case  for  Dome  =  1.5P+  I.OTA  +  l.OD 

Dead  load  subtracts  from  pressure  load  since  pressure  is  an  un  lift  force. 

.•.  Net  load  on  dome  =  1 .5P  —  /) 

=  10.80-0.45 

=  10.35fcv/(46.04KN) 
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Max. meridional  force  at  t  dome  N^  =  pal 

Ni?  =  10.35  k/ft  ^  (67.5)2  =  593  k/ft 

2(39.75') 

.-.Prestress  force  =  593^  =  396/:/ft(5.802MN/m) 

*Assume  that  compressive  force  in  liner  due  to  thermal  loads  in  resisted  by 
tendon. 


6.3.6.1  EUiptical  Dome 

Meridional  force  @  55  from  <f  dome  (this  is  where  dome  begins  transition  to 
thickened  section  and  where  one  layer  of  Tendons  begin) 

N^@55'  =  ^ 

72 


(a^  sin'  <^  +  b^  cos-  cj)) 
tan(t)  =  ^=0.5     (t)  =  26.5° 

sin  26.5°  =  0.4446     sin^  =  0.199 
cos  26.5°  =  0.895     cos^  =  0.800 

[67.52(0.199 +  39.752(0.800)]5 

y,  ^ ^^ =  97.8/?(29.81  m) 

(905+1265)3 

Meri:  force  TVcj)  =  %  =  '"-^^'^^''^■'^^''^  =  506  k/ni(7.413  MN/ni) 

Forct)  =   13° 

sin  13°  =  0.225     sin^  =  0.0507 

cos  13°  =  0.974     cos2  =  0.948 

72  == ^^ r  =  109.2ft  (32.285  m) 

(231  +  1500)5 

Meridional:  force  will  be;  Af4,o  =  ^ii  =  '°-^^'.,'°''-^'  =  567  k-/ft{S.6433  MN/m) 
From  the  preceding  computation,  we  see  that  the  meridional  force  increases. 

The  dome  is  all  reached  for  check,  approx:  radius  of  curvature  for  upper  part  of 

dome  =  102'-3"  and  consider  as  spherical  dome. 
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*  Mr«  7/ct)@  top  of  domey  1/2(10.35)102.25')  =  530k/ft(.765MN/m) 
siiKJ)  =  55ft/102.25'   =  0.557     (f  =  32.4° 

A.^  =  @55'=       ^g       ^  102.25/K10.35k/ft) 
l=cos(|)  1+ COS  32.4 

N<\)@55'   =   575k/ft{8A243MN/m)m£LX. 

Tendons  become  tangent  to  curvature  of  dome  at  this  point  (see  sheet  7) 
.-.Prestress force  =  ^^  =  383  k/i  «  396 

Therefore,  we  will  continue  to  use  elliptical  dome  for  our  analysis. 
Note: 

The  final  prestress  can  be  reduced  Since  @  accident  condition  tendon 
elongates  and  stress  is  increasing. 

Final  prestress  force  =  ^^^  =  396k/ft{5.?,0MN/m) 

For  spherical  dome  minimum  meridional  stress  occurs  at  Top  while  for  an 
elliptical  dome,  may  meridional  stress  may  be  occur  at  Top. 

Based  on  this  assumption  of  Tendon  elongation  at  accident;  the  final  force 
before  accident. 

593 /c\  /  final  stress  befor  eaccident 


A^  /  \fml  stress  before  accident  x  (4/r)aacidenty 
At  accident  condition,  concrete  compressing  stress  diminishes  to  zero 

Before  accident  =/,  =  =  1. 385  ksif  4.55  KN/m^ 

and 

fc  =  -=  ,   ^'^^^,^r  =  0.000304 
•^        G,      4.55  X  10^ 

At  accident  Gc  —  0 
Af  =  29  X  lO*-  X  0.000304  =  8.8  ksi. 
Final  tendon  stress  before  accident  =  140.35; 
final  tendon  strees  after  accident  =  140.35  +  8.8=  148.35 

Thus 

Final  force  before  @  accident  =  — '- — 

ft     148.35 


m.35j  V152.7 
560k/ft(8.205MN/m) 
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and 


Final  stress  force 


560 


373k/ft  (4.484MN/m) 


Friction  Losses 
Assmptions 

(1)  Tendons  stressed  from  botli  ends 

(2)  From  sketch  of  sheet  2  of  Dome  prestressing 

Calculation  dated  2-24-72,  will  take  three  critical  locations  in  dome  for 
computing  normal  force  acting  on  dome  from  prestress.  This  analysis  will 
require  computation  of  friction  losses  for  the  following  Tendon  locations. 

(A)  Tendon  passing  through  £  dome 

(B)  Tendon  @  26 '3"  from  £dome 

(C)  Tendon  @  52'6"  from  £  dome. 

(3)  Use  C.G  of  Tendon  for  all  computations. 

(A)  Tendon  Passing  through  £  dome  Acl  Code  equation  from  Friction 
Loss 

Tq  =  Force  at  jacking  and. 

Tv  =  Force  at  any  point 

K  =   Wobble  coefficient. 

L  =   Length  of  prestressing  strand  being  considered. 

a  =   angle  change  for  strand  being  considered. 

From  PSAR,  pg.  40: 

7i:=  0.0003 
^(==0.13 


Fig.  6.15  Frictional  losses  in  dome 
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Segment 

L 

K.L 

a 

/j.a 

KL  +  jia 

g-(KL-t,a) 

T, 

A 

0 

0 

0 

0 

0 

1 

1.0 

AB 

15.43' 

.00463 

0 

0 

.00463 

0.995 

0.995 

BC 

23.02' 

.00690 

0.224 

.291 

.0360 

0.965 

0.960 

CD 

42.10' 

.01262 

0.387 

.0503 

.0629 

0.939 

0.900 

T^ 

7-0 

r/D^  — 

Lbc       23.02 

-"      e(^'^+'™)  R       102.33 

Tx  =  roe"'^^+'"'  asc  ^  0.224  radians 
T  -r  /n  nnc\\  ^<^D  42.10 

r,  =  ro(0.900)     -co^^^j^^^^r^j^ 

2 

Tx 
To  =  Q-QQQ=  l-lir^-  ac£)  =  0.387  radians 

.•.Friction  loss  =  11.1% 

Elastic  Shortening  Loss 

Final  prestress  force  =   560  kip//?(8.205  MN/m) 
Initial  prestress; 

F,r  ^  560k/ft  X  (160.1kbi)  ^  630k/ft(9.2306  MN/m)         (142.2) 

■'■^"  "  (13")(36.75")  "  ^"^^^P"' 

.-.Assume  initial  prestress  =  1500 psi(10. 3425  MN/m") 

Avg.  elastic  shortening  {Afs)j^,^  =  ^  =  ^iM^  ^  4.81ksi/ft  (0.705  MN/m) 

Creep  Loss 

A  €,=  (1500  psi)(0.25  x  10  "  ^in./in./psi)   =  0.000375 

4/,  =  zle,  x£,  =  0.000375(29  x  10^) 

Af,^^^^  =  10.90  A:«-(75.16  MN/m^) 

Tendon  Relayation  Loss 
AFs  =  12.50  /t«(86.2MN/ni^) 

Shrinkage  Loss 

Afs  =e.,/,  iij 

zl/,  =  (100  X  10"^)(29  X  10^)  =  2.9  ksi(20  MN/m") 


>    26.3  ksi  (181.34MN/m^ 
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Summary  of  losses 

Avg  elastic  shortening  =  4.8  ksi(0.705  MN/m)  ' 

Creep  ^   10.90 

Shrinkage  ==  2.90 

Tendon  relavation  =    12.50 

AVG  friction  loss  =  2(11 1% +  6  0%  )  ^  ^^"^ 

Friction  loss  at  26'3  from  the  dome  —    10.3% 


.•.  use  10.3%  for  all  friction  losses  since  at  least  Vi  of  all  tendons  will  have  1.3 
11.1%  friction  losses.  (Note:  friction  losses  in  domes  are  small  enough  to  be 
compensated  for  by  overstressing  to  0.80/5(0.8  x  240  ksi) 
Maximum  jacking  stress  =  0.80%  fsa  =  0.80(280  fa/)  =  l92ksi{2M3MN/m^) 

Then  max.  initial  stress  available  at  while  overstressing  =  ym  ~  174.07  ksi 

<180 

:.0.K 

or  =  2^  =  2.55  MN/m^  <  2.6372 

Average  initial  tendon  stress  at  achoring  =0.70/'  =  168  ksi(2.4614  MN/m  ) 

Max  initial  allow  tendon  stress  at  enchoring  =  0.75f5=180  /a/(2.6372MN/m  ) 

Avg  elastic  shortening  =  4.8ksi 

Therefore  initial  force  stress  in  first  stressed  tendon  at  enchoring 
168  +  4.8   =    172.8ksi  <  174  O.K 
Total  elastic  shortening  =   —  9.6 

Stress  in  first  stressed  tendon  =  163.2  fcs/(2.391MA^/w^) 
Stress  in  last  stressed  tendon  =  172.?, ksi{2.52n3MN/m^) 
:.  Avg  initial  stress  in  tendons  an  anchoring  (at  completion  of  stressing) 
=    168  ksi(2.4614  MN/m') 
Avg  final  prestress  =  168  -  26.3  =  143.7(2.1054  MN/m^) 


6.3.6.2  Initial  Stress  for  Design 

Final  stress  =  141.7ksi(2.0761) 
Creep  loss  =  10.90  ksi(0. 160) 
Shrinkage  loss  =  2.90ksi(0.0426) 
1/2  Relax  loss  =  6.30ksi(0.0425) 
Total  =  161.8  ksi(2.3705) 


Summary  of  Dome  Prestressing  Forces 
(A)  STRESS  LEVELS 

(1)  Maximum  jacking  stress  =    192  ksi(2. 813  MN/m") 


(2)  Initial  tendon  stress  at  anchorage  =    172.8  ksi(2. 53173  MN/m  ) 
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(3)  Average  initial  Stress  in  tendon  at  anchorage  =  168  ksi(2. 4614  MN/m  ) 

(4)  Final  tendon  stress  =    143.70 ksi(2.1054MN/m^) 

(B)  FORCES 

(1)  Final  tendon  force  =  373A://i'(5.4648M7V/OT) 

(2)  Initial  tendon  force  at  anchorage==  373  x  ^t72|_^  454  k/ft(6.651 55MN/m) 

(3)  Average  initial  force  at  anchorage  =  373  x  ^= 436  A;/ft(6-388  MN/m) 

(4)  Jacking  Force  =  'il^^j^  =  506 /:/ft (7.4134 MN/hi) 

NOTE:  Effecting  meridional  force  in  dome  considering  three  layers  of  ten- 
don 5=  1.5  times. 


*  60°  R  is 
Transition  from 
spherical  to 
conical  portion 
of  Tendon  C.G. 


Out  side  edge 
of  Ring  Girder 


'  40' R  is 

location  of  Transition 
from  elliptical  to 
spherical  curvature 
for  Tendon  C.G. 


Fig.  6.16  Plan  of  dome 

Dome  Prestressing  Tendon  Normal  Forces. 


Scalel  =  40'0 

Compute  approx.  spacing  of  tendons  based  on  186'  —  1/4  wires  per  tendon. 

186  wires  x  0.0471^/„i,,^^  x  143.90  k/S" 


Spacing  = 


373k/ft 


=  42"  (1067  mm) 


For  170  wires  Tendon. 


Speg  =  j^  X  42  =  38.6C/C(980.6  mm) 
186 

Assume  42"  (1067  mm)  spacing  between  Tendons  measured  in  horizontal 
plane. 
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(1007  mm) 42"  spacing  will  equire  approx  31  Tendons  in  each  group, 

tendons  table 


3  groups 


93 


Due  to  the  fact  that  the  curvature  in  the  Tendons  gets  sharper  (i.e.  radius  of 
curvature)  as  the  tendons  become  further  from  £  dome  and  the  normal  forces 
that  the  Tendon  experts  on  the  dome  increases  as  the  Tendons  becomes  more 
remote  form  the  £  of  dome,  then  we  will  design  on  the  foUowing  basis: 

(1)  Complete  forces  on  dome  assuming  constant  tending  spacing  in  horizontal 
plane. 

(2)  Adjust  spacing  as  necessary  to  achieve  uniform  prestress. 

Point  1  on  Dome  (£  of  dome  at  Apex) 

F 


""-R 


where 


A^  —   normal  force  exerted  in  a  direction  from  prestress  Tendon. 
F=  force  in  prestressing  tendon. 
R  =  radius  of  curvature  of  tendon. 

From  sketch  on  sheet.  The  three  groups  of  tendons  in  the  dome  are  labelled 
directions  "A","B"&"C". 

Critical  points  are  labelled  1,  2,  3,  etc. 
For  point  1 

NA  =  NB=NC^  y^  =  3.23  kip/ft 
.-.  Ni  total  ^  3  X  3.23  =  9.69  kip//?(0.1242  MN/m) 

Check  normal  force  at  1.5P  accident  condition 

Nt  =  9.69  kip/ft  X  ^^f^  =  10.30  ksf(13  .955KNm) 

Dead  load  roof  =  j^ 

1.5;;  load  =  10.80  ksfi(  14.63  KNm) 

«  10.75  ksf  prestress  load(14.56  KNm) 


Check  Average  Initial  Prestress  Force 
Average  initial  prestress   =  436  kip/ft 


7Vr  =  TKl9x3-  11.33  kip/ft 
D.L  =  0.45  kip/ft 

Total  load  =  11.78  kip/ft 
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Meridional  force  in  dome 

f,T  P,„         11.78x115.5 

Initial  cone,  stress; 
fc,  ^  i2^^35°75  =  1602  psi(11.0538  MN/m^)  <  1650  psi(11.2585  MN/m^) 

.-.  ok 
Maximum  allowable  initial  stress  =  0.3/c'  =0.3(5500)=  1602  psi(l  1.2585  MN/m^) 


Point  2  on  Dome 

{Ik/ft  =  l2M734KN/m) 

Consider  forces  in  vertical  plane  along  a  radial  line  from  £  dome.  (This  will 
give  X&  y  Components  of  forces  only  Z  Components  will  cancel  out). 

"A"  direction  ^  NA  =  ^  =  4.25  kip/ft 
"B"  direction  ^  NB  =  j^  =  3.64  kip/ft 
"C"  direction  ^  NC  =  ^^  4.25  kip/ft 


Computer  Vector  Components  in  X&  Y  Plane 

"A"  direction  F^y  =  4.25 cos  19.31°  =  -4.01^ 

7^41- =  4.25  sin  1931°(cos  60°)  =  O.Vl'^' 

"B"  direction  Fby  =  3.64.  cos  35.90°  =  -2.96^^ 

Fbx  =  3, 64  sin  35.90°  =  2.14^^' 

"C"  direction  Fcy  =  Fay  =  -4.01'^' 

Fcx  =  Fax  =  O.TT 


Resultants: 


Fry  =  4.01*'/'  +  2.96*/'  +  4.01*/'  =  10.98k/ft 
Frx  =  0.71  +  2.14  +  0.71  =  3.56  k/ft 


Fr  =  V  (10.98)-  +  (3.56)'  =  22.56  A.-/// 

3.56 
10.96 


tan  (^(angle  from  vertical)  =  -j^  =  0.324 


AT^  =.  |7f  =  2.25*-//' 

/Vi,  =  gf=3.78*//' 
A^c  =  i|=3.78*//' 
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Fig.  6.17  Resolution 
of  forces 

keylk/ft  =  2.8173  KN/m 


Point  3  on  Dome 


Fr=  11.56k/l 


Scale  =  1"  =  5 


F,  =  3.56  k/1 


Compute  vector  components  in  7- F  plane  along  radial  line 

"A"  direction  =  Fay  =  -4.25  k/ft 

Fax  =  0 

"5"  direction  ^  Fsy  ^  3.78  cos  27°  =  -3.36 k/ft 

Fbx=  3.78sin27°(cos30°)  =  1.49k/ft 

Cdirection  =  Fcy  —  Fby  =  —3.36  k/ft 

Fcx  =  FBx=\A9k/ft 

Dome  Prestressing  Tendon  Normal  Forces 
Resultants 

Fry  =  4.25  +  3.36  +  3.36  =  10.97*'/^' 
Frx  =  0  +  1.49  +  1.49  =  2.98*'^^' 

FR  =  ^{\0.91)\2.nf 
=  II. 36  k/ft 


Fig.  6.17(a)  Resolution 
of  forces 


'^''*°  =  To:97  =  '^-^^^ 


bo  =  15.2° 


F  =  10.97 


Fr=  11.36''" 


Scale  =1"  =  5™ 
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Fig.  6.17(b)  A  check  on 
forces  on  dome  at  point  4 


tan300  =  5g^ 
X=  15.17' 

7„    26.25    ^  on  Tc/ 
^  —  cos  30"  —  -'"■-'-' 


26.25' 


For  "A"  and  "C"  Directions  @26.25'  from  §  Dome 
Properties  of  ellipse; 

a  =  63.95 

b  =  38.28 

.T=  115.17 

FlSOPAREEO  =  37.1' 

y(from  olliveti  program)  —  37.2' 

ISOPAR  EEO  =  163.978 
y-(from  olliveti  program)  =  164.92' 
sin  01  =  1^1^  =  0.45  01  =  8.3° 


For  "B"  directions  @  30.35'  from  §  dome  properties  of  ellipse 

a  =  69.125' 

b  =  A\315' 

X  =  30.35 

.-.7=37.2' 


sm  ti\ 


30.35 
108.18 


0.279  0^  =  16.2° 


■'A"  and  "C"  direction 


Na^Nc 


373/^ 
104.92' 


3.56''-/^' 


^      108.18' 


406       6     A  Complete  Manual  Design  Analysis  of  Concrete  Containment  Vessel  (Building) 

Compute  Vector  Components  in  X-Y  Plane  Along  Radial  Line 
"A"  direction 

Fay  =  3.56'^(cos8.3'')  =  3.52'^//' 

Fax  =  3.56(cos8.3'')(cos60°)  =  0.26''/^' 


"B"  direction 


'C"  direction 


Fby  =  3.45(cos  16.2")  =  3.31^/^' 
Fbx  =  3.45(sin  16.2°)  =  0.96''/^' 

FcY  =  3.52^/1 
Fcx  ^  0.26^-/1 


10.35' 


9  =  8.15° 


Fo  =  1043'* 


1.48'^ 


Fig.  6.17(c)  Resolution  of  forces 


/'/jy=  3.52 +  3.31 +  3.52 
Fry  =  10.35'^/' 
Frx  =  0.26  +  0.96  +  0.26 
FRy=  1.48''/' 

F^=  7(10.35)' +  (1.48)' 


10.43''/' 

—    1.48   1 
~  10.35  ' 

0  =  8.15° 


tan0  =  -i^l.43 
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Vector  Diagram 
Check  Point  5  on  Done 

Fig.  6.17(d)  X  value  X 
value  in  A,  B,  C  Directions. 


sin  30"  ^     ^ 

Mil  JU  26.25' 
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X=  13.125 
1^  =  26.25  cos  30"  =  22.7' 


Properties  of  Ellipse  in  "B"  and  "C"  Directions 

Major  Axis  a  =  J{69.\25f  -  (13.125)^ 

a  =  67.9' 

b  =  40.5' 

X  =  22.7' 

y  =  38.28' 

r,(from  oUivetti  Prog)  =  109.97' 

sin  01  =  |§^  =  0.2065 


0^ 


11.9° 


Properties  of  Ellipse  in  "A"  Direction 

a  =  63.95' 

b  =  38.28' 

x  =  0 

J  =  38.28 

/--(from  ollivetti  Prog.)  =  106.83' 

Normal  forces  =  Na  =  ^§^  =  3.49  k/ft 

NB  =  Nc  =  '-^=3A0k/ft 

Vector  components  along  Radial  Line 

"A"  Direction 

Fur  ^3.49  k/ft 
Frx  =  0 


"B"  Direction 


F£r  =  3.40 /c/1  (cos  11.9°)  =  3.33  k/ft 
Fbx  =  3.40sin  11.9°  1  (cos  30°)  =  0.61  A;//? 


'C"  Direction 


FcY  =  3.33  k/ft 
Fcx  =  0.61  k/ft 
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Vector  Diagram 
Fig.  6.17(e)  A  check  on 
forces 


Fry  =  3.49  +  3.33  +  3.33  =  10.15/://? 

i^^y  =  0.61 +0.61  =  \. 12k/ ft 

tan  0  =  -;^=  0.1202 

6  =  6.85° 


10.15' 


Fo  =  10.22'< 


1.22'^ 


i^^=y'(10.15)'  +  (1.22)' 
Fr^  \Q.12klft 


Point  6  on  Dome 

For  estimation  purposes  the  curvature  in  "B"  &  "C"  will  be  assumed  to  be  the 
same  as  for  point  3 

Na=0 
NB^^g^3.nk/ft 
Nc  =  l^,  =  3J8k/ft 


Vector  Components  in  X  —  Y  Plane 
"B"  Direction 


'C"  Direction 


Fby  =  3.78  cos  27°  =  -3.36k/ft 
Fbx  =  3.78sin27°  =  +1.49k/ft 

FcY  =  -3.36 

Fcx=  1-49 

Fry  ^  6.12k /ft 

Frx  =  2.98 


i?,  ^  ■y/(6.72)V  (2.98)- 

^  135  k /ft 
tan  0  =  If  =  23.9150° 
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Dome  Prestressing  Tendon  Normal  Forces 
Key  1  k/ft=  12.81734  KN/m  1ft  =  0.3048 

Summary  of  tendon  normal  forces 


POINT 

Fry 
(k/ft) 

Frx 

(k/ft) 

Angle  from  vert, 
to  resultant  Fe 

Fr(k/ 
ft^) 

Fr  and  accident  396/ 
373X  Fry(k/ft) 

1 

9.69 

0 

0 

9.69 

10.29 

2 

10.98 

3.56 

18° 

11.56 

12.27 

3 

10.97 

2.98 

15.2° 

11.36 

12.06 

4 

10.35 

1.48 

8.15° 

10.43 

11.07 

5 

10.15 

1.22 

6.85° 

10.22 

10.85 

6 

6.72 

2.98 

23.92° 

7.35 

7.80 

Summary  of  forces 


Initial 


Condition 


Prestressing  Force 


Final 


Jacking 
Anchorage 
Design  (fs  = 


154.2'''=') 


Before  Tendon  elongation  @  accident  (fs  135.7   ^') 
After  Tendon  elongation  due  to  accident  (fs  =  144.2  ''^') 


973'  kip/ft 
875  kip/ft 
781  kip/ft 
687  kip/ft 
729  kip/ft 


Prestress  Losses 

Sources  Of  Design  Information 


Reference 

No. 


Reference 


Page 

No''. 


1  Bellefonte  Nuclear  Plant,  Preliminary  Safety  Report 

2  Design  of  Prestressed  Concrete  Structures,  Second  Edition  T.  Y.  Lin 

3  Building  Code  Requirements  for  Reinforced  Concrete  (ACI  313-71) 
4a  Preliminary  Calculations  "Hoop  Tendon  -  Prestress  Loss"  EGB 

4b  "Reactor  Containment  -  Friction  Loss  in  Horz:  Tendon  RWH 

5  Bellefonte  N.P  Design  Criteria 

6.4  Primary  Containment  Hoop  Prestress 
6.4.1  1-  Prestress  Losses 

6.4.1.1  1-  Friction  Losses 

PCI  Code  equation  for  friction  loss. 


J    =  J  g{ld+i-ia.) 
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Notation 

To  =  steel  stress  (force)  at  jacking  end 
Tx  =  steel  stress  (force)  at  any  point  x. 
k  =  friction  wobble  coefficient  per  foot  of  prestressing  steel. 
L!  —  length  of  prestressing  steel  being  considered. 
^  =  friction  curvature  coefficient. 

a  =  Total  angular  change  of prestressingsteel  profile  in  radians  from  jacking 
end  to  any 

Given 

k  =  0.0003 
/(  =  0.13 

For  straight  portion  of  Tendon  use  wobble  only.  For  curved  portion  of 
Tendon  use  wobble  and  curve  friction.  When  post  tensioning  from  both  sides, 
only  half  of  the  Tendon  length  is  substituted  for  L' . 


6.4.2  Prestress  Losses 


key  1ft  =  0.3048  m  1  k  =6.895  MN/m^ 
Let  To  =  1  ^'^ 
Assume  jacking  from  both  ends 


Segment 

Uf) 

ai(rad) 

kl  +  /la 

g-(i<i-m) 

TAkips) 

D 

0.0 

0 

0.0 

1 

1.0 

DC 

15.25 

0 

0.004575 

0.9954 

0.9954 

BC 

101.04 

1.44 

0.218 

0.804 

0.800 

@  mid  point  of  Tendon  point  B 

T,  =  0.800  To 
T^  =  T,/0.800=  1.25  Tx 

Friction  loss  =  25.07 

@  point  D  Tx  =  To  =  0.8  fsu 

=  0.8(240ksi)  =  192  ksi 

@  point  B  mid  point  of  Tendon. 


ksi\  _  1  ^-!  /;ksi 


T;,  =  0.8  (To)  =  0.8  (192'^^')  =  153.6 
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6.43  Prestress  Losses 
6.4.3.1  2-  Elastic  Shortening 

^fsAVG  =  Esi^ts) ^YQ^Ats) ^YG—  average  value  of  strain  loss  in  tendons 

due  to  elastic  shortening. 
/„■  =  initial  concrete  prestress. 
Ec  —  modulus  of  elasticity  of  concrete. 
Es  =  modulus  of  elasticity  of  steel 

^fsAVG  =  average  value  of  steel  prestress  loss  due  to  elastic  slioetening. 
fei=  1.600  ksi 

(^^^)^FG=2Mi))  =  0-00016in./in. 
Af.^YG  =  (29,000)(0.00016)  =  4Mksi 

6.4.4  Prestress  Losses 

6.4.5  3-  Creep  Loss 

Ate  —  tcfci 
Ats  =  Ate 
Afs  =  A  tsEs 

Notation 

Ate  —  strain  in  concrete  due  to  creep  {in. /in.) 

tc  =  unit  strain  in  concrete  due  to  creep  (m./in./psi) 

fci  =  initial  concrete  prestress  (psi) . 

Ats  =  strain  in  steel  due  to  creep  (in. /in.) 

Es  =  modulus  of  elasticity  of  steel(ksi) 

Afs  —  loss  of  prestress  in  steel  due  to  creep  (ksi) 

tc  ^  0.20A  X  XQ-^in./in./psi 

fci—  1 600;7.v/(estimated)  Actual  =  1.558  psi 

Ate  =  (0.0000002)  (1600)  =  0.00032 /«.//«. 

Ats  ^  Ate  ^0.00032  in. /in. 

Afs  =  (0.00032)  {29000  ksi) 

Afs  =  9.280ksi 


6.4.6  Prestress  Losses 

6.4.6.1  4-  Shrinkage  Loss 

Ats  =  Aki 
Afs  =  EsA  ts 
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Notation 

Ate  —  strain  in  concrete  due  to  concrete  shrinkage  (in. /in.) 

Ats  ~  loss  of  strain  in  steel  due  to  concrete  shrinkage  {in. /in.) 

Es  =  modulus  of  Elasticity  of  steel  (ksi) 

Afs  —  loss  of  prestress  in  steel  Tendon  due  to  concrete  shrinkage  (ksi) 

Atc^  100  X  10"^(in./in.) 

Afs  =  (29.000  X  0.0001)  =  2.9  ksi 

Afs  =  2.9  ksi 

6.4.6.2  5-  Tendon  Relaxation  Loss 

Afs  ^  0.08(0.65f  su) 

or 

Afs=  12.5  ksi 

Notation 

Afs  =  loss  of  prestress  in  tendon  due  to  tendon  relaxation  (ksi) 
fsu  =  ultimate  strength  (ksi) 
'4/5  =  0.08(0.65)  (240  ksi) 
=  12.48  ksi 

.-.Use  Afs=  12.5 ksi 


6.4.7  Prestress  Loss 

6.4.7.1  Summary  of  Losses 

1.  Friction  losses  =  25.0% 

2.  Average  Elastic  Shortening  =4.64  ksi 

3.  Creep  Loss  =  9.28  ksi 

4.  Shrinkage  loss  =  2.90  ksi 

5.  Tendon  Relaxation  =  12.50  ksi 

Total  losses  due  to  Creep,  Shrinkage  and  tendon  relaxation  =  9.28  +  2.90 
12.50  =  24.68ksi 

6.4.7.2  Primary  Containment 

Hoop  Prestress 

Prestress  Losses 
Tendon  1 

?,-  =  0.9954 
4/:v  =  0.0046(192/c«) 

=  0.883fc«.0941 
.-.  rv«  191  ksi 
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Average  initialtendon  stress  @  anchoring  =  10%fsci 
=  0.7/2nd 
=  168  ksi 

For  Tendon  1  use  anchorage  stress  equal  to  168  ksi  plus  average  value  of 
Elastic  Shortening  @  anchorage/v  Tendon  1  =  168  ksi  +  4.64  ksi  =  172.64  ksi 
@  critical  section  use  fj  tendon  1  =  173  ksi. 
Tendon  2 

Friction  Losses  in  Tendon  @  critical  Section  using  PCI  code  Equation  for 
Friction  Loss 

Tx  =  roe(^^+''='' 

Angle  between  P  +  Sand  critical  section  =  74° 52'  =  131  radians  =  1.27 

L'  =  70.17  X  1.31  =92' 

KL'  =  iia^  (0.0003)(92)  +  (0.13)(1.31)  =  0.1976 

„-{KL' +na)=0.82l° 

Tx  =  (0.821)(0.995)r„  =  0.817^0 

.".  For  Tendon  2 

/,  =  (0.817)(192)  =  156.9fcv/atcritical  section. 
Average  Initial  Prestress 


Average  prestress  (elastic  shortening) 


tendon  1  +Tendon2 


173+156.9  . 


I64.95ksi 


~  2 

Average  Elastic  Shortening  Loss  =  4.64  ksi 

.•.Average  initial  prestress  =  164.95  —  4.64  =  160.31  ksi 

Average  Final  Prestress  @  Critical  Section 

To  obtain  avg.  final  prestress  @  critical  section,  subtract  the  losses  due  to  creep 
shrinkage  and  tendon  relaxation  from  avg.  initial  prestress. 

Loss  due  to  creep,  shrinkage  and  tendon  relaxation  =  24.68'"' 

Average  initial  prestress  =  160.36  ksi 

Losses  =  24.68  ksi 

Avg  =  Final  Prestress  =  135.68  ksi 

Stress  At  1/4  Point  (0°)  of  Tendon 

./.?tiindoii#  2    ~  /.'tandonS  2    ^   ClVei'agejs   =  ,/.5,;,„do„#  1 

Tendon#l 

7  =  70.17' 

a  =  37°. 26'  =  0.6533  RADIONS 

/=  45.84' 

k  =  0.0003 

/I  =  0.13 
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kl+fia  =  0.0003(45.84')  +  1.13(0.6533)  =  0.09865 
g-(/c/+,,c<)  ^  0.90606 

T,  =  0.906  r„(0.998) 
/;  =  0.906(197)=  173.95  ksi 

Average/,®  critical  section:  ''^'+^^^'^^  =  173.87  fa; 
Conclusion 

Average  stress  at  1/4  point  of  Tendon  is  only  slightly  larger  than  average 
stress  at  critical  section. 
Initial  Tendon  Stresses 
Jacking  Prestress 

Jacking  prestress  =  O.Sfsu 
Jacking  prestress  =  0.8/ra 
=  192'"' 

Anchorage  prestress 

Av.  initial  tendon  =  OJOfsu 
stress@anchoring  =  0.70(240)  =  168''- 


ksi 


Achoring  Prestress  =  Avg:initial  tendon  stress  @  anchoring  plus  avg 
=  value  of  elastic  shortenig 
=  168'+4.64'ksi 
=  172.64'ksi 

Initial  Stress  for  Design 

To  obtain  initial  stress  for  design  add  the  losses  due  to  Creep,  shrinkage,  and 
1/2  tendon  relaxation  loss  due  to  the  Avg:  Final  Prestress 

Creep  Loss  =  9.28  ksi 

Shrinkage  Loss  =  2.90  ksi 

^Tendon  relaxation  loss  =  6.25 ksi 

Av.  final  prestress  j^^jj^ 

Initial  stress  for  Design  =  154.11  ksi 

Final  Prestress  Force 
Sketch 

Notes: 

(1)  Controlling  load  case  is  Equation  T  in  PSAR  pg. 

(2)  Earthquake  load  has  no  effect  on  required  hoop  prestress. 

(3)  NO  principal  stress  check  is  required  for  this  case. 

(4)  Temp:  analysis  calculations  by  NP  2-1-72  are  ok.  For  Hoop  direction. 
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Fig.  6.18  Controlling  load 
final  prestressing  force 
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6.4.7.3  Final  Prestress  Force 

Design  Assumptions 

(1)  Concrete  is  not  counted  on  to  resist  tension. 

(2)  Liner  load  (L)  and  reinforced  steel  force  (Rs)  exactly  balance;  R^  =  L 

This  is  reasonable  and  conservative.  As  the  cylinder  expands  due  to  pressure, 
the  value  of  R^  increases;  while  the  value  of  L  decreases.  At  some  value  of 
cylinder  deformation  R^  and  L  are  equal  and  opposite.  Further  deformation 
leads  to  Rs  becoming  greater  than  L,  As  L  —^  0. 


Loading: 

p  =  50psi      ^Design  =  ^^^=1.5^=  1.5(50) 

Pd  =  75  psi 

Pd-Do  =  (0.75/t//«.2)(144inVft^)(135ft) 

Pd.Do=  1459  K/ft 

from  Y^Fu=0     2F  =  Pd-D^  =  1458  K/it 

F=129kl{X 
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from  IF^^=02F=  P^Do=  1458\ft  F  =  729  kjii 

This  is  tlie  final  prestressing  force  neglecting  tendon  elongation  @accident. 

The  'final'  force  @  accident  +  (As  sargent  &  Lundy  specify  it)  would  be: 

F final  —  _F  (final  stress  before  Ave/final  stress  before  accident  +  (/1/j)  accident) 

Before  accident/,  -  ^  -  j^^Os)  ~  1-455*-" 
Close  approximation 

Gc=  concrete  strain  (in. /in.) 
/(.  =  concrete  stress  (ksi) 
E  =  modulus  of  elasticity  (ksi) 
c  =  /l  =  i.455''^'  =  0  00291  in  /in 

^c      E,        5000A-.«        u.uuz.^- 1  m./m. 

At  accident  Gc  goes  to  zero 

Afs  =  increase  in  steel  stress  (Lv/) 

Es  =  modulus  ofelasticity  of  steel  (fa/) 

Afs  —  Es  (increase  in  steel  strain  which  is  equal  to  the  loss  of  cone  :  strain) 

4/;  =  E,t,  =  29000''-"(0.000291) 

4/,  =  8.439'"' 

Final  tendon  stress  before  accident  ~  135.68ksi 

Final  tendon  stress  after  accident 

=  Final  before  accident  +  Af,  =  135.68  +  8.349  =  144.12ksi 

Final  prestress  Force  =  729,  (135.68)  =  686.31k/ft 

Initial  Forces 

T  ,  •      r  Jacking  tendon  stress  /<-     ,        ^       c       \ 

Jaking  force  —  — f S — , r imal  prestress  force 

°  Avg :  iinal  prestress  ^         ^  ' 


912Alk/ft 


For  Jacking  Force  use  973  kip/ft 
Anchorage  Force 


Anchorage  force 

Avg  :  mitial  tendon  stress®  anchoring  ^^^^^^   ^^^^^^^^  ^^^^^ 
Avg  imal  prestres  ^         ^  ' 

_  172.64 
~  135.68 

6%lklft 
^lAAAklft 


For  anchorage  force  use  875  kip/ft 
Initial  Forces  for  Design 
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Initial  force  design 

tc-     ^c        r-:       -J     ,N  (initial  stress  for  design) 

=   (tmallorce  m  accident  ^-r 7= — 1 7 — ^^ 

^  ^  '    Avg  :   tmal  prestress 

-  (O'^)     135.68 

_  780,32 /b 
:.  For  initial  force  for  design  use  781. Ok/ft 

780.5 


jsci  —  ^^•-^^•-^^^  c-iv.....  ,jj.g^         12x41.75 

1.558  ksi</;,  allowable  =  0.30/;=  1650  ksi 


Estimated  min  spacing  for  stoop  tendons 


5niin  =  min  spacing 
„    _  (area  of  tendon)  (Av  :   final  prestress) 
"'  ~  finalprestress  force  @  acci 

_(170wries)(0.00491g7wire)(135.68ksi) 
687k/ft 

S,„=  1.6485/f  =  19.78OT 

Equipment  Hatch 
Tendon  layout  (horizontal) 

Tendon  l(ri) 
Radius  =  20' 
a\  =x'i  =  20  sin  20°  =  6.84' 
Ave  length  =  ^-^2^  =  6.98' 
bx  =}'i  =  20(202.y'i)  =  1.21' 
b2=}'2=  1 1.375' -2ji  =  8.96' 
02  =  X2  =  j:^  =  24.62' 
2xi  +  xj  =  38.30 

The  straight  portion  of  the  tendon  is  an  ellipse  but  for  simplicity  the  length  is 
assumed  to  be  (a,  +  ^2) 
fl2  is  an  arc  length  OK 
Tendon  2  (T2) 

2ai  +  02  =  38.30" 
2bi+b2^  11.375' -2.625  =  8.750 

Let  0  =  14.806° 

fli  =20  sin  0=  5.111     radius  =  20' 
Arc  length  =  =  7i(2O)0  =  5.168 


4ie 
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Fig.  6.19  Horizontal  tendon  layout  for  equipment  hatch 


bx  =  20  -  (202 -a2)5^  0.644 
bx  =  8.75  -  2^1  =  7.422 
«2=ii|fl  =  28.078 
2ai  +  ai  =  38-30 
2ci  +  C2  =  X  -  y\ 
ai=i?sin(j)     bi=i?sin02 

Ci  =  ^  -  (i?2  _  ^2):       ^^  ^  (^2  _  ^2)3 

C2  =  X  —  }'  —  2ci     d2=  X  —  >'2  —  2(ii 
«2  =  drs:     ^2 


tan  St 


Solve  for  Ox  by  trial  and  error. 

IR;  =  38.3  sin  02  +  (2i?;  -  Xj  -  j,)a202 

let(|)i  =  16.16°     i?  =  21(7-3)  let  (|)2  =  11.857°(r4) 

2«i  +  ch  =  39.30     2fe|  +  /)2  =  38.30 

2ci  +  C2  =  9.375'     2<ii+<72  =  7.125' 

fli  =21sin0|  =  5.845     b\  =21  sin  02  =4.315 

Arc  =  ^  =  5.923     Axc  =  ^  =  4.346 


ci  =21  -(2P 


ISO   ^ 

8.30     rfi 


21  -  (212 +  />2)2^  0.448 


9.735'  -  2ci  =  7.716     di  =  7.125  -  2dx  =  6.229 


C2 

02  =  -V  =  24.426     b.=^, 
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R  =  21 
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Fig.  6.20  Parameters  for  tendon  layout 

2/)2 +  '^2  =  38.289  0/t 
2a2  +  «2  =  34.316(9^ 

6.4.7.4  Equipment  Hatch 

Tendon  Layout  (Horizental) 
Deflected  Tendon 


Tendon 

R 

e, 

a\i 

Ot, 

C\, 

C2i 

^rc 

A 

X 

y 

Tl 

20' 

20° 

6.84 

24.62 

1.21 

8.96 

6.98 

26.200 

11.75 

0.375 

T2 

20' 

14.806 

5.111 

22.078 

0.661 

7.422 

5.163 

29.042 

11.75 

2.625 

T3 

21' 

16.16 

5.845 

26.226 

0.830 

7.716 

5.923 

27.721 

12.75 

3.375 

T4 

21' 

11.875 

4.315 

29.668 

0.448 

6.229 

4.346 

30.315 

12.75 

5.625 

T5 

22' 

12.41 

4.728 

28.844 

0.514 

4.097 

4.765 

29.134 

13.75 

6.375 

T6 

22' 

8.306 

3.178 

33.523 

0.231 

4.894 

3.189 

33.878 

13.75 

8.625 

T7 

23' 

8.789 

3.514 

31.271 

0.270 

4.835 

3.528 

31.643 

14.75 

9.375 

T8 

23' 

4.917 

1.971 

34.357 

.085 

2.956 

1.974 

34.484 

.14.75 

11.625 

T9 

24' 

53.47 

2.236 

33.928 

O.104 

3.166 

2.240 

33.976 

15.75 

12.375 

TIO 

24' 

1.715 

0.718 

36.855 

.011 

1.103 

0.718 

36.872 

15.75 

14.625 

TU 

25' 

2.107 

0.919 

36.455 

.017 

1.341 

0.919 

36.480 

16.75 

15.375 

Purpose 

To  determine  the  curvature  and  radii  of  the  deflected  tendons  occurred  the 
equipment  hatch. 


420       6     A  Complete  Manual  Design  Analysis  of  Concrete  Containment  Vessel  (Building) 

Data 

See  drawing  41N711-A  for  size  of  equipment  hatch  and  tendon  size  and 
spacing. 


Assumptions 

1-  Tendons  deflected  along  the  circular  curve  on  the  developed  elevation 

2-  Maximum  angle  of  deflection  of  70° 

3-  Centreline  of  tendon  assumed  I'-O"  from  the  edge  of  hatch  sleeve. 


References 

1-  Dwgs41N711-l  thru-4 

2-  Calculation  by  HRT  "Equipment" 

Hatch  Tendon  layout  11-9.72 

3-  Olivetti  program  by  Rw  Hanorton  "Tendon  Deflection" 


Discussion 

Due  to  cross  found  in  HRTS  calculations  (Equp:  Hatch  Tendon  Layout)  the 
following  will  be  a  revised  set  of  calculations. 


Calculations 

Tendon  1  Radius  =  20',  x,  =  20  sin 20°  =  20(0.342°02)  =  6.24' 
Using  Pyth's  theorem  to  find  j'l  .•. 


yi=20~  (202  -  xiY'-  =  20  -  18.79  =  1.21' 

2 


j2  =  12'  -  4^  -  2j'i  =  12'  -  0.375'  -  2.42'  =  9.21' 


From  AAEC 


Y    —       '-       —   '^■21    _  Qg  -)/ 
^2  —  tan 20°  ~  0.363  —  ^-^■-' 


2.T1  +  X2  =:  13.68  +  25.3  =  38.98'say  39' 

20)  (21 
180 


^rc  Length  =  ^i^=  6.' 
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Table  6.4   Membrane  forces  in  parabolic  domes 

Loading n^ A/^ A^ 

w/unit  area  of  surface 

per  m^  of  surface 

Normal  ^  ,  , , 

y^  wrpl  -cos3d0  wro2- 3  cos^dd) +  003^30 

3  sin2  dtp  cos2  d<i>  3s\n^d(l> 


p/unit  area  of  projection 


pro  pro 

-cos  30 


d(A 


2  cos  d0  2 


6,5  Computer  Program  NIZAM 

A  typical  computer  program,  NAZAM,  is  developed  for  the  spherical  dome 
shape  made  in  reinforced  concrete.  With  small  changes  incorporated,  the  same 
dome  can  be  analysed  in  any  material,  provided  correct  data  can  be  included. 
The  NAZAM  hsting  is  given  below. 

Computer  program:  NAZAM  hstings 


C  *     TITLE:  COMPUTER  AID  ANALYSIS  OF  THIN  SHELLS  * 

C  *  :  Dr.  Y.  BANGASH  * 

C  *  The  original  program  was  modified  by  NIZAM  of  Malaysia, 

C  *  under  the  supervision  of  Y.  Bangash. 

C  *  COMPUTER  PROGRAM  FOR  CASE  STUDIES 

C  *  ================================= 

C  *  THIS  IS  A  PROGRAM  TO  FIND  OUT  THE  MERIDIAN  * 

C  *  FORCES,  THE  HOOP  FORCES  AND  RING  TENSION  ACTING  * 

C  *  ON  EACH  SECTION  OF  THE  SPHERICAL  DOME  DUE  TO  ITS  * 

C  *  DEAD  LOAD  AND  IMPOSED  LOAD.  * 


-k-k~k~k~k~k~k~k~k~k-k-k-k-k-k-k-k-k~k~k~k~k-k-k-k-kiriririr-k-k-k-k~k~k~k~kirir~k~k-k-k-k-k-k-k-k-k~k~k~k~k-k 


= 

*  NOTATIONS  * 

= 

= 

QK 

UNIFORMLY  DISTRIBUTED 

LIVE  LOAD 

= 

GK 

UNIFORMLY  DISTRIBUTED 

DEAD  LOAD 

= 

TY 

THICKNESS  OF  THE  DOME 

= 

= 

HI 

RISE  AT  POINT  1 

= 

= 

HO 

RISE  AT  POINT  0 

= 

= 

A 

LENGTH  OF  LATITUDE  AT 

POINT  1 

= 

B 

LENGTH  OF  LATITUDE  AT 

POINT  0 
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C 


REAL  LY,  LX,  X,  Y,  AS,  ASR,  BAR,  SP 


3000   WRITE  (6,  10) 

FORMAT  (IX,  'INPUT  THE  SPAN  UNI  FORMLY 

DISTRIBUTED  LIVE  LOAD'  ) 

READ  (5,  *)  QK 

WRITE  (6,  15) 
15     FORMAT  (/,  IX,  'INPUT  THE  DEAD  LOAD'  ) 

READ  ( 5 ,  * )  GK 

WRITE  (6,  20) 
20     FORMAT  (/,  IX,  'INPUT  THE  THICKNESS  OF  THE  DOME'  ) 

READ  ( 5 ,  * )  T 

WRITE  (6,  30) 
30     FORMAT  (/,  IX,  'INPUT  THE  SING'  ) 

READ  (5,  *)  SINO 

WRITE  (6,  40) 
40     FORMAT  (/,  IX,  'INPUT  SINl'  ) 

READ  (5,  *)  SINl 

PRINT*  ,  'SP='  ,  SP 

IF  (ASR.GE.141.AND.ASR.LE.22  6.AND.SP.GE.125.AND.SP.LE.200) 

*  GO  TO  25 

IF  (ASR.GE.226.AND.ASR.LE.355.AND.SP.GE.150.AND.SP.LE.200) 

*  GO  TO  27 

IF  (ASR.GE.3  92.AND.ASR.LE.532.AND.SP.GE.150.AND.SP.LE.200) 

*  GO  TO  2  9 

IF  (ASR.GE.5  65.AND.ASR.LE.904.AND.SP.GE.125.AND.SP.LE.200) 

*  GO  TO  31 

IF  (ASR.GE.1005.AND.ASR.LE.1340.AND.SP.GE.150.AND.SP.LE.200) 

*  GO  TO  33 

IF  (ASR. GE. 1571. AND. ASR. LE. 2094. AND. SP.GE. 150. AND. SP.LE. 200) 

*  GO  TO  35 

IF  ( ASR. GE. 2 45 4. AND. ASR. LE. 2 8 05. AND. SP.GE. 175. AND. SP.LE. 2 00) 

*  GO  TO  3740 
WRITE (6, 500) 

16X,  'HALTED  IN  REINFORCEMENT'  ) 


500 

FORMAT  (/ 
STOP 

,16X,  'H? 

25 

PRINT* , 

'BAR=6' 

RETURN 

27 

PRINT* , 
RETURN 

'BAR=8' 

29 

PRINT* , 
RETURN 

'BAR=10' 

31 

PRINT* , 
RETURN 

'BAR=12' 

33 

PRINT* , 
RETURN 

'BAR=16' 

35 

PRINT* , 
RETURN 

'BAR=22' 

37 

PRINT* , 

RETURN 

END 

'BAR=25' 

6.5     Computer  Program  NIZAM 


423 


«r*********Tl 


^ -k -k -k -k -k -k -k -k -k 


^-k-k-k-k-k-k-k-kkkki' 


^-k-k-kkkkkk-k 


81 


82 


83 


84 


85 


86 


87 


89 


90 


160 
170 


SUBROUTINE    TO    FIND   MOMENT    COEFFICIENT 


^kkk'kk'k'k'k-k-k-kk-kkkk'k'k'k'^ 


^kkk-k-k-k-k-k-k-k-kkkkkk-k 


SUBROUTINE    TABL12 (LY, LX, X, Y) 


IF (RATIO. GT. 3 

IF (RATIO. EQ. 3 

IF (RATIO. GE. 2 

IF (RATIO. GE. 2 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

IF (RATIO. GE.l 

X=0.124 

Y=0.014 

RETURN 

X=0.122 

Y=0.020 

RETURN 

X=0.118 

Y=0.02  9 

RETURN 

X=0.113 

Y=0.037 

RETURN 

X=0.104 

Y=0.046 

RETURN 

X=0.099 

Y=0.051 

RETURN 

X=0.093 

Y=0.055 

RETURN 

X=0.084 

Y=0.059 

RETURN 

X=0.0774 

Y=0.061 

RETURN 

X=0.062 

Y=0.0  62 

RETURN 

WRITE (6, 170) 

FORMAT (//,16X, 

RETURN 

END 


5) 


5) 


GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 
GOTO 


160 

81 

82 

83 

84 

85 

86 

87 

88 

89 

90 
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6,6  Conoidal  dome's  surfaces 

A  conoidal  dome  is  analysed  in  this  section.  The  dome  can  be  of  any  material 
but  the  geometry  of  this  surface  is  different  from  the  spherical  surface.  Using 
Figure  6.1  the  radius  of  the  circle  of  latitude  for  the  conoidal  dome 
is  J- sin  (j)  —  r'. 

Consider  the  conoidal  dome  shown  in  Figure  6.17,  say,  between  a  plane  of 
latitute  through  points  0  and  1 . 

Length  of  element  ==  r  x  d</) 

Area  of  element  rotated  about  axis  =  r  d(f>  x  27i:(rsin  (f>  —  r') 

Total  surface  area  A,  of  dome  is: 


A  ~  r  d(/>  X  2n{r  sin  </)  —  r') 

=  2nr^{cos  (f)^  —  cos  </>| )  —  2nrr'{ 


,) 


(6.33) 


Assuming  a  uniform  distributed  load  (M,  W)  for  all  elements 
Total  load  between  points  1  and  0  is: 

W„  =  27rr  W{cos  4>Q  -  cos  </>i )  -  2iirr'  P^((/>i  - 

To  find  the  meridional  thrust  T 
Substitute?- sin  (/)  I  —  r'  fon-sin(/)  .  Then 

W  =  27r(rsin(/)i  —  ;■') 
T=  W/{2n{rsin(l)y  —  r')sin(/)i 


(6.34) 


(6.35) 


Lantern 


Point  0 


Fig.  6.17(f)  Conoidal  dome 
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To  find  the  hoop  force  H 

r/r +  ///(;■  sin (/)i  -  r')  x  sm(/)i  -  [W  +  W'{<j)i  -  i^o)]  cost/);  =0 

rsm0i 

If  the  dome  is  continuous  along  the  circle  of  latitude  through  1 ,  a  circular  ring 
through  that  point  is  subjected  to  a  unit  radial  force  of  T  x  cos  ^i  .  Therefore 

S  (ring  tension)  =  ^"  "  '"'f^  (6.36) 

ZTt  X  sin(pi 

Three  examples  are  included  to  analyse  a  conical  surface.  They  are  based  on: 

Example  6.2  -Conical  tent  under  surface  or  dead  weight 

Example  6.3  -Conical  tent  under  uniform  load  W 

Example  6.4  -Conical  umbrella  roof  supported  on  a  central  column. 

Another  example  (Example  6.5)  is  given  on  a  truncated  conical  dome  type  tent. 
General  solutions  are  incorporated.  By  introducing  specific  data  the  same  shape 
can  be  incorporated  for  any  material  such  as  plastic,  glass,  fabric,  concrete  and 
steel/aluminum.  Table  6.5  gives  other  cases  under  different  loads  for  conical 
and  truncated  conical  dome  shapes. 

Example  6  Conical  dome  tent 

The  conical  dome  tent  (Fig.  6.18)  is  generally  used  for  roofs  and  closures  for 
storage  structures  and  temporary  dwellings. 

Conical  tent  under  selfweight  of  deadweight 
For  the  analysis  the  value  of  ri  isa  and 

fq  =  Ye  sin  <jf)  =  rj  cos  a 

where  a  is  the  semi-angle  at  the  apex  C. 

W=  Load  =   /    Ini-Qwdy  =  7rit'>'^sina  (6.37) 

Jo 

Table  6.5   Conical  and  truncated  conical  dome  shapes 
Type    Loading    Resultant  components    N^  Ng  Tg 


1 

Ps 

w  As  sin  a  =  p^ 
wd?cosa  —  p, 

IS    Sinn 

-cod.?  COS  a  cot  a 

0 

2 

Pi 

Ps  =  M'i  sin  a  cos  a 
Pi  =  —CO  COS"  a 

ojt^^^^cota 

-cOiScos-acota 

0 

3 

Pi 

p,  =  — /7sinacos0 

„\t2         c2l(l/3)S=-(l/2S)sm-a 
I'y^          "^   \           cos  a/ cos  0 

'-   /;%|^sin0 
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Fig.  6.18  Conical  dome  tent 


Ns 


Ne 


2  cos  a 


-Wy  sin  a  COS  a 


(6.38) 
(6.39) 


Example  6  Conical  dome  tent  under  uniform  load  w 

(Figs.  6.19  and  6.20) 

Let  the  vertical  distance  be  represented  by  'z'.  The  total  load  w-  and  stress 
resultants  N^f,  and  Ng  are  computed  as  given  below: 

A  —  Surface  Area 


~  2ti       z  tan  a  sec  a  dz 
Jo 

=  Tih^  tan  a  sec  a 
V  =  Volume 


(6.40) 


V  —  n  I    z^  tan^  adz 
/o 


h  tan  a 


(6.41a) 
(6.41b) 


vi'z  =  wKz~  tan  a  sec  a 
(/)  =  (90°  -  a) 


(6.41c) 
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Fig.  6.19 


427 


N^  = 


H'z 


2nr2  sin   </> 

u'?  tan  a  sec  a 
2z  tan  a  cos  a 


ii'Tiz  tan  a  sec  a 
Inrcosa 


-  u'-  sec  a 


N„ 


-rjw  sm  a  =  —  u'-  tan  a 


(6.41d) 


(6.41e) 


Example  6.4  Conical  umbrella  roof  supported  on  a  central  column 

The  analysis  of  the  conical  umbrella  roof  is  shown  in  Figure  6.21.  The  roof  is 
subjected  to  a  uniform  load  u'/unit  area.  The  stress  resultants  are  computed 
together  with  load  between  parallel  circles. 

The  load  on  the  surface  between  parallel  circles  A-A  and  B  B,  i.e.  on  surface 
below  z" 


Wab  =  wn{h^  —  z^)  tan  a  sec  a 
Equilibrium  of  vertical  forces  at  level  A- A  gives 

A'^^  cos  alnz  tan  a  =  W^b 
w{h^  —  z^)  sec^  a 


Ns 


Iz 


(tensile) 


withi?2  ~  Z  tan  a  sec  a 


Ng 


-M'ztan  a;     N^  -^  a  asZ  tends  to  zero. 


(6.41f) 

(6.41g) 
(6.41h) 

(6.41i) 


This  indicates  that  membrane  theory  is  inadequate  since  bending  moments  a 
brought  into  play. 
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Fig.  6.20 


W/unit  area 


/"i  =  infinite 
Tg  =  z  tan  a  sec  a 
r= z sec  a 
ds=clzseca 


Fig.  6.21  Conical  umbrella 
roof  supported  on  a  central 
column 


u.d.l=  wkN/m^ 
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,,  /y_,  cos  a 


N(f,  cos  a  =  the  value  of  the  vertical  force  in  cj)  direction. 


(6.42) 


.A/,. 


/V,  cos  Q 


(6.43) 


A^^  andA^^j  cos  a  =  two  components  in  (j)  direction. 


/2  z  tan  a  sec  i 


(6.44) 
r2z  tan  a  sec  a  =  the  inclined  component. 

Truncated  conical  dome 

The  conical  dome  is  truncated  at  a  length  5*0,  and  obviously  the  values  of  A''^  and 
No  will  be  affected.  The  generalized  equation  for  A''^  and  Ng  for  a  full  length  is 
given  by 

Table  6.6  Truncated  conical  domes 

Resultant 
Type  Loading    components  A^,^  Ng  T 


1 


-ii'dscostzcot  a 


S'  —  S^    L 

M'/unit       11'  d.s  sin  a  =  os  —  irj  — - — -  -. — 
area  ^i?     smc< 

—  u'dcosa  =  /),. 

,     .  .  sin"  -Sl  , 

pjUTUt        ps  =  wismacosa  —\vi — — — ^cota         —  n'ijcos- acota 

area 

Pi  =  — H'iCos-  a 
Pr/radius  p,.  =  p  sin  a  cos  9 


pjunit      5o  =  0 
area 


PsS 

3 
Slf 

Sl      2 

So  3  cos  a 

So     1 

S  sin  a 

P« 

27i5  sin  a  cos  a 


1 


3  cos  a 


-ps  cos  a  cos  t 


P5-'S^5 
352 


COSOtyl 

cos  9 


0 

pL^  -  S'- 

252 


sin  6 
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Fig.  6.22  Truncated  shapes 


Ns 


wS'- 


2  sin  a 


const  C 


(6.45) 


Ng 


'it'5'cosacota 


(6.46) 


Table  6.5  gives  a  good  description  of  a  truncated  conical  dome.  Table  6.6 
shows  other  loading  cases  for  conical  roofs  and  truncated  domes. 


Example  6  Truncated  conical  dome  type  tent 

Data:  Uniform  load  PK  (excluding  at  the  top  of  the  opening=  2.394  kN/m  . 

Uniform  load  (dayhght  lantern  =  0.035  kN/m) 

Determine  the  stress  resultants  and  the  compressive  stress  for  the  truncated 
conical  dome. 


N^  = 


2  sin  a 


C 


For  a  truncated  conical  shell  for  a  sloping  length  of  5*0 

1 


TVs  =  0  at  "S-qO  = 


wSl 


2  sin  a 


C 


or 


C 


N^ 


2  sin  a 

2   25"  sin  a  ' 


Ne 


-n'5'cosacota 
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Determination  of  a  and  Sq 

ta^«=(i^'_3|4)  =  0-6      ••«  =  30°58' 


Sloping  lengths  =  ^^{3.66^  +  6.1'-)  =  7.1 14m 

7.114      _  6.1 
■■   7.114  + 5o^  7^ 
So  =  1.773  m 

Forces  due  to  dead  weight  Ng  =  — ii'5cosacota  =  —  1.368S 
For  5  =  So  =  1 .773  m      Ng  =  -2.426  kN/m 
S=  7.114m  A^e  =  -9.732kN/m 


N          0^0^  ^'-(1-773)7     1     A       2.33(S^- 3.144) 
""'  ^  -^-^^^ 2S 1 05145  j  = S 


For  S=  So  =  1.773  m;      A^^  =  0 

S^  7.114m;  Ar^^_2.33Mn^ 


=  -15.546kN/m 

Forces  due  to  uniform  vertical  load  at  top  edge 

/       1       1-773 

N^  =  -w'  ■  -. — 

sm  a       5 

1  773  1 

=  -0.0035  X  ——  X 


S        0.5145 
0.0121 


For  S  =  So  =  1 .773;      N^^  -0.0068  kN/m 
S=7.114;      A^^i  = -0.0027  kN/m 

Total  A^^6(max)  =  (-0.0027)  +  (-15.546)  =  15.5487  kN/m" 


1  c  54C7 

Max.  compressive  stress  = '- =  207.316  kN/m 

^  0.075  X  1  ' 

=  0.207316  N/mm^ 
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Computer  program:  Conoidal  domes 

C      *     TITLE:  COMPUTER  AID  ANALYSIS  OF  THIN  SHELLS  * 

C     *  :  Dr.  Y.  BANGASH  * 

C     *  Assisted  by  NIZAM  of  Malaysia 
C 

C  *  THIS  IS  A  PROGRAM  TO  FIND  OUT  THE  MERIDIAN  * 

C  *  FORCES,  THE  HOOP  FORCES  AND  RING  TENSION  ACTING  * 

C  *  ON  EACH  SECTION  OF  THE  CONOIDAL  DOME  DUE  TO  ITS  * 

C  *  DEAD  LOAD  AND  IMPOSED  LOAD.  * 

c 

c 

c      ========================================================= 

C  =  *  NOTATIONS  * 

C  = 

C  =  GK  UNIFORMLY  DISTRIBUTED  LIVE  LOAD 

C  =  QK  UNIFORMLY  DISTRIBUTED  DEAD  LOAD 

C  =  TX  THICKNESS  OF  THE  DOME 

C  =  R  THE  RADIUS  OF  CURVATURE 

C  =  Rl  DISTANCE  FROM  AXIS  OF  ROTATION 

C  =  X(I)  LENGTH  OF  LATITUDE  AT  POINT  I 

C  =  AE(I)  AREA  BETWEEN  POINT  1  AND  I 

C  =  WC  COLLAR  LOAD 

C  =  WU(I)  TOTAL  LOAD  BETWEEN  POINT  1  AND  I 

C  =  T(I)  MERIDIONAL  THRUST  AT  POINT  I 

C  =  TS(I)  STRESS  DUE  TO  MERIDIONAL  THRUST  AT  POINT  I 

C  =  H(I)  HOOP  FORCE  AT  POINT  I 

C  =  HS(I)  STRESS  DUE  TO  HOOP  FORCE  AT  POINT  I 

C  =  S(I)  RING  TENSION  AT  POINT  I 

C  =  SC  COMPRESSION  IN  EDGE  MEMBER  AT  THE  OPENING 

C  =  SN(I)  SIN  ANGLE  AT  POINT  0 

C  =  CS(I)  COSINE  ANGLE  AT  POINT  0 

C  =  PIE (I)  ANGLE  AT  POINT  0  IN  RADIAN 

C  =  SN(I)  SIN  ANGLE  AT  POINT  1 

C  =  CS(I)  COSINE  ANGLE  AT  POINT  1 

C  =  PIE (I)  ANGLE  AT  1  IN  RADIAN 

C  ========================================================= 

C 

c 

REAL  QK,  GK,  WC,  TX,  R,  Rl ,  Ql,  PI,  SC 

REAL  X (1:6),  Y(l:6),  Z(l:6),  SN(1:6),  CS(1:6),  PIE (1:6), 

REAL  S(l:6),  AE(1:6),  WU(1:6),  T(l:6),  TS(1:6),  H(l:6) 

REAL  HS (1:6) ,  XB(1:6) 
3000   WRITE(6,  10) 
10     FORMAT  (IX,   'INPUT  THE  UNIFORMLY  DISTRIBUTED  LIVE  LOAD'  ) 

READ ( 5 ,  * )  QK 

WRITE (6,  15) 
15     FORMAT  (/,  IX,   'INPUT  THE  DEAD  LOAD'  ) 

READ (5,  *)  GK 


6.6     Conoidal  dome's  surfaces  433 

WRITE (6,  17) 
17  FORMAT  (/,     IX,      'INPUT    COLLAR    LOAD'  ) 

READ (5,    *)     WC 

WRITE (6,  20) 
20     FORMAT (/,  IX,   'INPUT  THE  THICKNESS  OF  THE  DOME'  ) 

READ (5,  *)  TX 

WRITE (6,  50) 
50     FORMAT  (/,  IX,   'INPUT  THE  RADIUS  OF  THE  CURVATURE'  ) 

READ ( 5 ,  * )  R 

WRITE (6,  60) 
60     FORMAT  (/,  IX,   'INPUT  DISTANCE  FROM  THE  AXIS  OF  ROTATION'  ) 

READ (5,  *)  Rl 

WRITE (6,  70) 
70     FORMAT (/,  IX,   'INPUT  THE  LENGTH  ALONG  THE  X-AXIS'  ) 

READ (5,  *)  X(l),  X(2),  X(3),  X(4),  X(5),  X(6) 

DO  80  1=1,6 

XB(I)=R1+X(I) 

80  CONTINUEDO  81  1=1,6 
Y(I)=SQRT( (R**2)-(X(I)**2)) 

81  CONTINUE 
Ql=2400 
PI=3.142 

DO  90  1=1,6 

Z (I)=SQRT( (Y(I)**2)+((R1+X(I))**2)) 
90     CONTINUE 

DO  100  1=1,6 

SN(I)=(R1+X(I) ) /Z (I) 
100    CONTINUE 

DO  100  1=1,6 

CS(I)=Y(I)/Z(I) 
110    CONTINUE 

DO  120  1=1,6 

PIE (I)=ASIN(SN(I) ) 
12  0    CONTINUE 

DO  130  1=1,6 

AE  (I)  =2*  PI*  R**  2*  (CS  (1)  -OS  (I)  )-2*PI*R*Rl*  (PIE  (I)  -PIE  (1)  ) 
130    CONTINUE 

DO  140  1=1,6 

WU(I)=AE  (I)*  (GK+QK)  +WC*  2*  PI*  X  ( I )  +  (QK+GK)*  (PIE(I)-PIE(l)) 
140    CONTINUE 
C      SC=COMPRESSION  IN  EDGE  MEMBER  AT  OPENING 

SC=(WC*2*PI*  (Rl+X(l)  )*CS  (1)  )  /  (2*PI*SN(1)  ) 
C      T1=MERIDI0NAL  THRUST  AT  POINT  1 

DO  150  1=1,6 

T  {I)=WU(I)  /  (  (2*PI)*  (R*SN(I)  -R1)*SN(I)  ) 
150    CONTINUE 
C 
C      TS1=STRESS  AT  POINT  1  DUE  TO  MERIDIONAL  THRUST 

DO  160  1=1,6 

IS (I)=T(I) /TX 
160    CONTINUE 
C 
C      TO  FIND  THE  HOOP  FORCE 
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C  H1=H00P    FORCE    AT    POINT    1 

DO    170    1=1,6 

H(I)  =  (  (R*SN(I)  -Rl)  /  (R*SN(I)  )  )*  (-T  ( I)  +  (GK+QK)  *  R*  OS  ( I)  ) 
17  0    CONTINUE 
C 
C      HS1=STRESS  DUE  TO  HOOP  FORCE 

DO  180  1=1,6 

HS  (1)=H(I)  /TX 
180    CONTINUE 
C 
C      S1=RING  TENSION  IN  EDGE  MEMBER 

DO  190  1=1,6 

S{I)  =  (WU(I)*CS(1)  )  /  (2*PI*SN(1)  ) 

190  CONTINUE 
C 

PRINT  191 
PRINT  192 

191  FORMAT (///, 31X, 'OUTPUT    RESULTS') 

192  F0RMAT(31X,     '**************') 

WRITE (6,200)  XB(1) ,XB(2) ,XB(3) ,XB{4) ,XB(5) ,XB{6) 
200    FORMAT  (//,  IX,  'POINTS'  ,  IX,  F7  .  3,  4X,  F7  .  2 ,  4X,  F7  .  2 ,  4X, 

*  F7.2, 4X,F7.2,4X,F7.2) 

WRITE (6,210)  AE (1 ) , AE ( 2 ) , AE ( 3 ) , AE ( 4 ) , AE ( 5 ) , AE ( 6 ) 
210    F0RMAT(/,1X,  'AREA'  ,  5X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X, 

*  F7.2,3X,F8.2) 

WRITE  (6,220)  WU  (1)  ,  WU  (2)  ,  WU  (3)  ,  WU  (4  )  ,  WU  (5)  ,  WU  (6) 
220    F0RMAT(/,1X,  'WEIGHT'  , 2X, F8 . 2 , 3X, F8 . 2 , 3X, F8 . 2 , 3X, F8 . 2 , 3X, 

*  F8.2, 3X,F8.2) 

WRITE (6,230)  T(1),T(2),T(3),T(4),T(5),T(6) 
230    FORMAT(/,  IX,  'THRUST'  ,  2X,  F8  .  2,  3X,  F8  .  2  ,  3X,  F8  .  2,  3X,  F8  .  2  ,  3X, 

*  F8.2, 3X,F8.2) 

WRITE  (6,240)  TS  (1)  ,  TS  (2  )  ,  TS  (3)  ,  TS  (4  )  ,  TS  (5)  ,  TS  (  6) 
240    F0RMAT(/,1X,  'TSTRESS'  , IX, F8 . 2 , 3X, F8 . 2 , 3X, FB . 2 , 3X, F8 . 2 , 3X, 

*  F8.2,3X,F8.2) 

WRITE (6, 250)  H(1),H(2),H(3),H(4),H(5),H(6) 
250    F0RMAT(/,1X,  'HOOP'  ,  4X,  F8  .  2 ,  3X,  F8  .  2  ,  3X,  F8  .  2 ,  3X,  F8  .  2  ,  3X, 

*  F8.2,3X,F8.2) 

WRITE  (6,260)  HS  (1)  ,  HS  (2  )  ,  HS  (3)  ,  HS  (4  )  ,  HS  (5)  ,  HS  (  6) 
260    F0RMAT(/,1X,  'HSTRESS'  ,  IX,  F8  .  2 ,  3X,  F8  .  2  ,  3X,  F8  .  2 ,  3X,  F8  .  2 ,  3X, 

*  F8.2,3X,F8.2) 

WRITE (6,  270)  S(1),S(2),S(3),S(4),S(5),S(6) 
270    F0RMAT(/,1X,  'RING'  ,  4X,  F8  .  2 ,  3X,  F8  .  2 ,  3X,  F8  .  2 ,  3X,  F8  .  2 ,  3X, 

*  F8.2,3X,F8.2) 
WRITE (6, 280)  SC 

280    FORMAT (/, IX, 'COMPRESSION  IN  EDGE  MEMBER  AT 

*  OPENING  =',1X,F10.2) 
END 
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Elliptical  dome-shaped  surfaces 

The  following  analysis  is  carried  out  for  the  elliptical  dome  (Fig.  6.23).  Equa- 
tion of  ellipse: 

whereX  =:  (3  sin  0  andF=  Z)cos<^.  Consider  a  ring  produced  by  rotating  an 
element  d^  about  the  Y  axis  of  the  dome. 


ds=^[{dxf  +  {dyf 


[{a^  cos2  (/)  +  /)2  sin^  (f))]d(f) 


Weight  of  element  ring  is 

dir  =  271  X  X  X  W  y^  ds 


=  2n  X  w  X  a  sincfiy  {I  —  [((a-  —  b^)/a^)  sin  (/)]  x  d(/) 


(6.47) 


Point  1 


Fig.  6.23  Elliptical  dome 
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LetK-=:  {a-  ~h-)/a- 

Wu  =  Total  load  between  points  0—1 


Wu  —  dif  —  2n  X  aw 


cos^(^(l  -  k^  sin^  0)  -  ^/c(l  -  k^) 


X  logA;cos\/(l  -/c^sin  (/))) 


Let  cos  (/)  =  3-'/ft  =  g  andsin'  (p  =  I  —  cos-  (/>  =  1  g^. 
Substitute  into  Eq.  (6.47): 


W=  2n  X  a'w 


^  +  l^(l-/c2)xlog(l 


+k)~'^g(^^{\-k^{l~g^)) 


1 


^(l-fc^)xl0g^^+  J(l-F(l-^2)) 


=  {2na^n')C 
where  C  is  the  quantity  in  the  bracket. 


(6.48) 


To  find  the  meridional  thrust 


W 


2n  sin  (/).>; 

2?!  X  a^wC 


2n  X  a{yj{\  —  g^sincj))) 


wCa 


2       l-^-2(l-g2) 


b{l-g') 


wa  cQ 


(6.49) 


where  Q  =  ^\  -B{\  -  g^). 
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To  find  the  hoop  force 

—  Tx  lI'.YCOS^fA 

JT  _|_  ^ 

R  sin  (/»         sin  </) 

—  WX-  WX  COS'S  ,^  ,„s 

= —  + —r^  (6.50) 

2R?,\rr  4)         sm^ 

wa^\       2g^  -  1 


2b)  Q 

If  the  dome  is  continued  along  the  circle  of  latitude  through  point  1,  an  edge 
niemb  must  be  provided  along  that  circle  and  that  member  is  subjected  to  ring 
tension, 

Wa  p 

S  =  - -X     ,    ^  (6.51) 

271  X  ft       ^(13^ 

Example  6  shows  a  typical  example  for  elhptical  dome  surfaces,  and  Table  6.7 
give  certain  specific  cases  for  elhptical  shell  surfaces. 


Torospherical  shell  surfaces 

The  torospherical  shell  surface  is  formed  when  a  toroidal  segment  is  inserted 
between  a  spherical  and  a  cylindrical  cap. 


Main  analysis 

The  geometry  of  this  shell  is  shown  in  more  detail  in  Figure  6.24. 

In  terms  of  the  radh  of  curvature  of  the  sphere  ax,  the  toroid  a^,,  and  the 
cylinder  02,  the  meridional  angle  at  the  sphere-toroid  junction  is  given  by 

sin(/)|  == (6.52) 

a\  -  03 

In  practice,  the  radius  of  the  toroid  is  selected  so  as  to  provide  smooth  transi- 
tions at  both  ends. 

To  derive  the  membrane  theory  stress  resultants,  one  again  uses  the  overall 
equilibrium  method.  At  a  general  section  within  the  toroid, (/)i  <(f)<n/2,  the 
resultant  axial  load  consists  of  two  parts:  Pi  =  the  load  on  the  spherical  cap,  and 
Pii'i')  =  the  load  between  (/>!  and  ^  on  the  toroid.  For  a  uniform  positive 
pressure  p,  the  magnitude  of  the  first  force  is  the  pressure  multiplied  by  the 
projected  base  area  of  the  cap. 

Toroidal-shaped  surfaces 

fi  =/)7i(ai  sin(jf)i)'  (6.53) 
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For  the  second  force,  first  compute  the  horizontal  radius  of  the  toroid 

Roi4>)  ~  ('3'i  —  03)  sin  (/>!  +  ai  sin  (/)  (6.53a) 

where  upon  the  magnitude  equals  the  pressure  multiplied  by  the  area  of  the 
projected  annulus, 

P2('/')=/'7r[^o-(«i  sin </>)'] 

=  p%  (a\—ai)  sin  (/fj+ajsin  (^  +  2(ai  — fl3)a3sin(/)isin(/)  — a^sin  (\ 

which  reduces  to 

PiiA>)  =/'7ta3(sin(/)  —  sin0[)[a3(sin(/)  —  sini^ij)  +  lay  sin(/)[]  (6.53b) 

Summing  Eqs.  (6.53a)  and  (6.53c) 

P{<\,)  ^  pup{<^)  (6.53c) 


where, 


p((j))  ^  (a I  sin (jji)   +  fl3(sin(^  —  sin(/)i) 
X  [a3(sin(/)  —  siiKp^)  +  2a\  sint/))] 


(6.54) 


^^  =  IrU^'P^'*'^ 


pp{4>) 


(6.55) 


2[{a\  —  03)  sin  (/)i  +  a^  sin  </>]  sin  0 
To  compute  the  circumferential  stress  resultant,  the  equation  for  Nq  is 

Ne^Re(p~^]  (6.56) 

From  Eq.  (6.53b),  since  Rq  —  Rg  sint/;, 

^        ch  —  a^  ,  ,  sin(/)| 

Re=    '.     ,    +03=   fli-Qs  — ^  +  a3  (6.57) 

sm  0  sm  (f) 

From  Figure  6.24 

i?^  =  fl3 

Substituting  Eqs.  (6.55a)  and  (6.56)  into  Eq.  (6.55b)  gives 
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(ai  —  Qi)  sin  (^[  +  (73  sin  (p 


Nb=p 


Sim 


X     1 


Q{<t>) 


Icij,  sin  <p[{a\  —  qt)  sin  i^j  +  03  sin  </>] 


(6.58) 


Equations  (6.5)  and  (6.7)  constitute  the  membrane  theory  solution  for  the  called 
toroidal  knuckle  portion  of  the  torospherical  head. 
Toroidal  knuckle: 

Z^  +  R-  -  95.7574Z  -  126.72/?  +  5234.9519  =  0 
CyUndrical  segment: 

i?- 96.1=0  (6.59) 

Table  6.8  gives  some  cases  of  a  toroidal  shell  surface  under  load. 


Example  6.6  Toroidal  shell  shapes 

Referring  to  Figure  6.24,  and  allowing  for  the  wall  thickness  h  =  5  mm,  the 
geometrical  properties  are 

a\  =  4392  mm;     ai  =  2441  mm;     03  =  823  mm 


83  sin  <p 


(a^  -  33)  sin  I 


a-t  sm  (pi 


Spherical 


-Toroidal 


Cylindrical 


Fig.  6.24  Torospherical  shell  geometry 
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Table  6.8   Toroid  shell 


System 


Loading 


p^  =  Pe s\n  0 
p^-pe  cos  e 

1^  R=2pE~{r(hsm(lo-2s 


1-cos  o  +  os\n  0- 


%\        ^    s:\r\0{^\r\O+  sin&u) 

0  ' 


„    ,r^„^  „      1  -cos  0 
-Pp/-  cos  0 r-o 

+  sin  6,,  (ctg  6 r-o— )  1 

0  ^    ^  sin2  ()'  J 


TTlfTlTTlfTT      p^^pgsin  r/COS(^ 
(b)  V'       T      ^    p^^pscos^o 

|p  R=psnr^s\n^t>a 


-Ps 


J.  sin  ry  +  2sin  u^ 
2  sin  f^  +  sin  0^ 


-p^Ucos  20-2  sin  (^sin  ry 


Ring  axis  does  not  bisect  the  cross-section 


For  the  direction  of  the  load  components 
p^,  p^  and  of  the  unit  normal  forces  Ng.  N. 


P^^Pe  s\n  0 
p^-p£  cos  0 


Rr{8  -  e^)+  r^  (cos  o^  -  cos  6) 
{R+rsin  (J)  sin  fJ 


-Pe 


RrO-t-r^{-\ -cos  0) 
(fl+rsin  0)  sin  0 


[(R+rsin  (l)coso 
-R{e-OQ)-ncoso^-coso)] 

-0^  (symmetrical  cross-section) 

-^   \(R  +  r  s\n  0)  cos  9 
s\nO  ^  ' 

-Ro-r{\ -cos,  {))\ 


p^-  -.(h-rcosl>) 


(R+rsin  8)  sin  0 


-  Rh  (sin  0^ 


■f  —  (sin  tJg  cos  0^  -  sin  d  cos  0 
-0  +  0^)--^  (cos^  0^  -  cos^  0)  ] 


'■ —  [{h-  rcos6){R+rs\nO) 

X  sin  0+Rh{s\n  f^g-sin  0) 
-^(cos^rJ^-cos^^J)  -^r 


X  (sin  flp  cos  &Q  -  sin  0  cos  f) 
-0  +  0^)  +  -^  (cos^  (?p  -  cos^  9)1 

ForOo=-f'i  (symmetrical  cross-section) 


{R+  rsin  0)  sin  & 


-^  (1-cos3^J)] 


.  ^_  \rhs\n2  6 
sin2fl  ^2 

-^''(sinfJcosf^-f) 
2 

-r2(cosf^sin   f; 


^^/^ 


2(R+ rsin  tf)  sin  ^^ 
-{R+rs\n(}f] 


[(R+rsintf) 


-  [2Hsin  tfo  +  r(sin^(;o  +  sin^(i)] 


2  sin^  0 

Forf?o--'>i  (symmetrical  cross-section) 
_pr  2f?+rsin  0  p^ 

2    R+rs\nO  ~2 


Edge  load  p^ 


-Pl 


fl+rsin  f^Q 
(R+rsin  0)  sin  ft 


Pt  fl+rsin  0^ 
''       sin^  f; 
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as  shown  in  Figure  6.25,  so  that  from  Eq.  (6.58) 
.     ,        2441  -  823 


sine 


4392  -  823 


0.45205 


(6.60) 


and 


26.88° 


The  equation  of  the  meridian  was  estabhshed  with  the  origin  set  at  the  pole, 
and  the  resulting  equations  are  as  follows: 
Spherical  cap: 


Z^  +  R^  -  345. 8Z  =  0 


p{cj))  =  Eq.  (6.54b) 
P{4>)  =  pnp{ct>) 


(6.61) 
(6.62) 
(6.63) 


The  values  of  A^^  and  Nq  can  now  be  computed,  as  in  other  domical  shapes. 

Reference  is  made  to  Table  6.8  and  Eqs.  (6.55a)  and  (6.57)  for  evaluation  of 
these  values. 

Example  6  Elliptical  dome 

The  reinforced  concrete  dome  shown  in  Figure  6.25  is  an  ellipsoid  of  revolution 
about  the  minor  axis.  The  dome  carries  a  vertical  live  load  of  2.5  kN/m^  on  plan. 
Calculate  the  meridional  and  hoop  forces  and  stresses  for  zones  CI,  2  and  3  and 


Spherical 


823- 


610- 


Toroidal 
Knuckle 

Cylindrical 


CROSS  SECTION 
(All  dimensions  in  mm) 


Fig.  6.25  Test  specimen  middle  surface  geometry 


Elliptical  dome-shaped  surfaces 


443 


y/b  =  0.8 


£  Symm. 

Is 


y/b  =  0.6 


a  =  25.5  m 


Fig.  6.26  Elliptical  dome  surface 

draw  the  hoop  stress  diagram  for  one-half  of  the  dome.  Calculate  the  areas  of 
reinforcement  at  points  CI,  2,  3  and  B.  Use  the  following  data: 
Density  of  concrete=  2400  kg/m 

Nij,  ~  meridional  thrust  from  the  live  load 


MfQ=l.25fQ 


Ng  =  hoop  force  =  1 .25  f  P-''/g"~' 


Total  meridional  thrust  =  A^^  +  A^^  i  =  T 
Total  hoop  thrust  ^  Ne  +  Ne,i=H 


gbih) 

0 

0.2 

0.6 

0.8 

L 

0.632 

0.552 

0.334 

0.183 

M 

0.392 

0.433 

0.671 

0.833 

f(kN/m) 

+  107.60 

111.30 

163.2 

197.3 

//(kN/m) 

-700 

-525.70 

-86.0 

+  85.4 

Stresses  due  to  f(N/mm)-  =  f/0.2  x  10"' 

0.538  0.556 

Stresses  due  to  ri(N/mm)-  =  ri/0.2  x  10"^ 

-3.50  -2.66 


0.816 


-0.43 


0.987 


+  0.43 


Allowing  no  tension  in  the  concrete  (compressive  stress  in  the  reinforcement 
steel  =  125  N/nW) 

y4s  =  T?^  =  ??^  X  10^  =  5600  mmVm 
125      125  ' 

0.2%  concrete  sectional  area  for  temperature  and  shrinkage 

0.2 


5610  + 200  X  1000  X 


100 


6000mm^/m  in  the  latitude  direction 


and 


400  mm^/m  in  the  meridional  directions 
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List  of  reinforcement  for  various  zones: 


g 

0 

0.2 

0.6 

0.8 

1.0 

K, 

400 

400 

400 

400 

400 

meridional  (mm"/m) 

No 

6000 

4600 

1088 

400 

400 

latitude 

Self  weight  H^z,  =  2400  x  9.81  x  10"^  x  0.2  =  4.71  kN/m^ 

Stresses  at  the  end  of  minor  axis: 

N<l>  =  Ng  =  WcP-/2h  for  both  live  and  dead  loads  is: 

4.71  X  (25.5)2  ^  2.5  ""^^-^f  =  235  kN/m 

235 
Stresses  =  — -  ==  1 175  kN/m^ 

=  1.175  N/mm^ 


Computer  program:  analysis  of  thin  shells 

C  *  TITLE:  COMPUTER  AID  ANALYSIS  OF  THIN  SHELLS  * 

C  *  TUTOR:  Dr.  Y.  BANGASH  * 

c 
c 

C  *  THIS  IS  A  PROGRAM  TO  FIND  OUT  THE  MERIDIAN  FORCES,       * 

C  *  THE  HOOP  FORCES  AND  RING  TENSION  ACTING  ON  * 

C  *  EACH  SECTION  OF  THE  ELLIPTICAL  DOME  DUE  TO  ITS  * 

C  *  DEAD  LOAD  AND  IMPOSED  LOAD.  * 

c 
c 

c  ========================================================== 

C  =  *  NOTATION  * 

C  = 

C  =  QK   UNIFORMLY  DISTRIBUTED  LIVE  LOAD 

C  =  GK   UNIFORMLY  DISTRIBUTED  DEAD  LOAD 

C  =  TX   THICKNESS  OF  THE  DOME 

C  =  B   HALF  HEIGHT  OF  THE  DOME 

C  =  AX   HALF  LENGTH  OF  THE  DOME 

C  =  R   RADIUS  OF  CURVATURE 

C  =  H   HOOP  FORCE  DUE  TO  LIVE  LOAD 

C  =  HI   HOOP  FORCE  DUE  TO  DEAD  LOAD 

C  =  HEAR  TOTAL  HOOP  FORCE 

C  =  DELTH   STRESS  DUE  TO  HOOP  FORCE 

C  =  Tl   MERIDIONAL  THRUST  DUE  TO  DEAD  LOAD 

C  =  T2   MERIDIONAL  THRUST  DUE  TO  LIVE  LOAD  F 
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C      =  TBAR   TOTAL  MERIDIONAL  STRESS 

C      =  DELTT   STRESS  DUE  TO  MERIDIONAL  THRUST 

C     ========================================================== 

c 

REAL  G(l:6),  C(l:6),  Q(l:6),  A(l:6),  WU(1:6),  TBAR (1:6) 

REAL  DELTT (1:6),  HEAR (1:6),  DELTH(1:6),  Y(l:6),  H(l:6), 

T(l:6 

REAL  E(l:6),  F(l:6),  0,  Z,  Ql,  PI,  K,  Hl(l:6),  Tl(l:6) 

REAL  QK,  GK,  TX,  B,  AX,  R 
3000   WRITE(6,  10) 
10     FORMAT (IX,   'INPUT  THE  UNIFORMLY  DISTRIBUTED  LIVE  LOAD') 

READ ( 5 ,  * )  QK 

WRITE (6,  14) 
14     FORMAT(/,  IX,   'INPUT  THE  DEAD  LOAD'  ) READ ( 5,  *)  GK 

WRITE (6,  18) 
18     FORMAT (/,  IX,   'INPUT  THE  THICKNESS  OF  THE  DOME') 

READ ( 5 ,  * )  TX 

WRITE (6,  22) 
22     FORMAT (/,  IX,   'INPUT  THE  HALF  HEIGHT  OF  THE  DOME'  ) 

READ ( 5 ,  * )  B 

WRITE  (6,  2  6) 
26     FORMAT (/,  IX,   'INPUT  THE  HALF  LENGTH  OF  THE  DOME'  ) 

READ ( 5 ,  * )  AX 

WRITE  (6,  2  9) 
29     FORMAT (/,  IX,   'INPUT  THE  RADIUS  OF  THE  CURVATURE'  ) 

READ ( 5 ,  * )  R 

WRITE (6,  31) 
31     FORMAT  (/,  IX,   'INPUT  THE  VALUE  OF  Y'  ) 

READ (5,  *)  Y(l),  Y(2),  Y(3),  Y(4),  Y(5),  Y(6) 

DO  33  1=1,6 

G(I)=Y(I)/B 
33     CONTINUE 

Ql=2400 

PI=3.142 

K=SQRT ( (AX**2-B**2) / (AX**2) ) 

DO  40  1=1,6 

Q(I)=SQRT(1- (K**2)**  (1-G(I)**2) ) 

40  CONTINUE 

DO  41  1=1,6 

E(I)  =  (-0.5*G(I)*Q(I)  ) 

41  CONTINUE 

DO  42  1=1,6 

F(I)  =  (  (1-K**2)  /  (2*K)  )*LOG(K*G(I)+Q(I)  ) 

42  CONTINUE 
0=1 

Z=(-0.5) - (1-K**2) / (2*K)*L0G(K+0) 

DO  43  1=1,6 

C(I)=E(I)-F(I)-Z 

43  CONTINUE 
W=QK  +  GK 
DO  44  1=1,6 

A(I)  =  (2*PI*AX**2)*C  (I) 

44  CONTINUE 
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DO  45  1=1,6 
WU  ( I )  =W*  A  ( I ) 

45  CONTINUE 
C 

C      TO  FIND  THE  HOOP  FORCE 

C      H  =  HOOP  FORCE  DUE  TO  THE  LIVE  LOAD,  QK 

DO  46  1=1, 6 

H(I)  =  (QK*AX**2/B)*  (G(I)-C(I)/ (1-G(I)**2)/Q(I) ) 

46  CONTINUE 

C      HI  =  HOOP  FORCE  DUE  TO  DEAD  LOAD,  GK 
DO  47  1=1,6 
H1(I)  =  (GK*AX**2)  /  (2*B)*  (2*G(I)**2-1) /Q(I) 

47  CONTINUE 

C      HEAR  =  TOTAL  HOOP  FORCE 
DO  48  1=1,6 
HBAR(I)=H(I) +H1 (I) 

48  CONTINUE 

C      TO  FIND  THE  STRESS  DUE  TO  HOOP  FORCE,  DELTH 
DO  49  1=1, 6 
DELTH(I)  =  HBAR(I) / (TX*1000) 

49  CONTINUE 
C 

C 

C      TO  FIND  THE  MERIDIONAL  THRUST 

C      T=MERIDIONAL  THRUST  DUE  TO  DEAD  LOAD,  GK 

DO  50  1=1, 6T(I)=(GK*C(I)*Q(I)*AX**2) / ( (1-G(I)**2)*B) 

50  CONTINUE 

C      T1=MERIDI0NAL  THRUST  DUE  TO  LIVE  LOAD,  QK 
DO  51  1=1,6 
Tl  (I)  =  (QK*Q(I)*AX**2)  /  (B*2) 

51  CONTINUE 

C      TEAR  =  TOTAL  MERIDIONAL  THRUST 
DO  52  1=1,6 
TBAR(1)=T(I) +T1 (I) 

52  CONTINUE 

C      TO  FIND  STRESSES  DUE  TO  MERIDIONAL  THRUST,  DELTT 
DO  53  1=1,6 
DELTT ( 1 ) =TEAR ( I ) / ( TX* 10  0  0) 

53  CONTINUE 
C 

C 

PRINT  55 
PRINT  5  6 

55  FORMAT  (////,  2X,   '*  SHELL  DIMENSION  (m)*') 

56  F0RMAT(/,2X,   'THICKNESS'  ,  8X,  'HALF  HEIGHT',  6X, 

*  'HALF  LENGTH',  6X,   'RADIUS'  )  WRITE  (  6,  57  )  TX,B,AX,R 

57  FORMAT  (/,  3X,  F7  .  2,  9X,  F7  .  2  ,  9X,  F7  .  2,  9X,  F7  .  2) 
PRINT  58 

58  FORMAT  (//,  SIX,  'OUTPUT  RESULTS') 
PRINT  5  9 

59  FORMAT (31X,  '**************'  ) 

WRITE (6, 60)  G(1),G(2),G(3),G(4),G(5),G{6) 

60  FORMAT  (//,  IX,  'G=Y/B'  ,  6X,  F4  .  3,  7X,  F4  .  3,  7X,F4.3,  7X,F4.3, 
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*7X,F4.3, 7X,F4.3) 

WRITE (6, 72)  C(1),C(2),C(3),C(4),C(5),C(6) 
72     F0RMAT(/,1X, 'C  , 7X, F7 . 2, 4X, F7 . 2, 4X, F7 . 2, 4X, F7 . 2, 4X, 

*F7.2,4X,F7.2) 

WRITE (6, 84)  Q(1),Q(2),Q(3),Q(4),Q(5),Q(6) 
84     F0RMAT(/,1X,  'Q'  ,  7X,  F7  .  2  ,  4X,  F7  .  2 ,  4X,  F7  .  2 ,  4X,  F7  .  2 ,  4X, 

*F7.2,4X,F7.2) 

WRITE (6,96)  A(1),A(2),A(3),A(4),A(5),A(6) 
96    FORMAT(/,  IX,  'AREA',  4X,  F7.2,  4X,  F7.2,  4X,  F7 . 2 ,  4X,  F7.2, 

*4X,F7.2,4X,F7.2) 

WRITE  (6,  100)  WU(1)  ,WU(2)  ,WU(3)  ,WU(4)  ,WU(5)  ,WU(6) 
100    F0RMAT(/,1X,  'WEIGHT'  ,  IX,  F8  .  2 ,  3X,  F8  .  2 ,  3X,  F8  .  2 ,  3X, 

*F8.2,3X,F8.2,4X,F7.2) 

WRITE  (6,  110)  TBAR(l)  ,  TEAR  (2)  ,  TEAR  (3)  ,  TEAR  (4)  ,  TEAR  (5)  , 

*  TEAR ( 6 ) 

110    F0RMAT(/,1X,  'TEAR'  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2, 

*4X,F7.2,4X,F7.2) 

WRITE  (6,  120)  DELTT(l)  ,DELTT(2)  ,DELTT(3)  ,DELTT(4)  , 

*DELTT  (5)  ,DELTT(6) 
120    F0RMAT(/,1X,  'DELTT'  ,  3X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  , 

*4X,F7.2,4X,F7.2) 

WRITE (6, 130)  HEAR(l) , HEAR (2) , HEAR (3) , HEAR (4) , HEAR (5) , 

*  HEAR ( 6 ) 

130    F0RMAT(/,1X,  'HEAR'  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2, 

*4X,F7.2,4X,F7.2) 

WRITE  (6,  140)  DELTH(l)  ,DELTH(2)  ,DELTH(3)  ,DELTH(4)  , 

*DELTH(5) ,DELTH(6) 
140    F0RMAT(/,1X,  'DELTH'  ,  3X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2  ,  4X,  F7  .  2, 

*4X,F7.2,4X,F7.2)END 
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Chapter  7 

Concrete  Containment  Subject  to  Aircraft  Crashes 

and  Seismic  Effects  and  Over  Pressurisation 


7.1  Introduction 

A  comprehensive  analysis  of  the  containment  using  numerical  techniques  has 
been  given  in  this  text.  More  examples  are  given  in  the  authors'  following  book: 
'Shock,  Impact  and  Explosion,  Springer,  Heidelberg  (2009).  First,  the  Belle 
Fonte  vessel  given  in  chapter  6  is  taken  with  respective  design  parameter. 

Secondly,  this  time  Size  well  B  containment  vessel  (Fig.  7.1)  is  taken  as  an 
example.  Figures  7.2,  7.3,  7.4  and  7.5  show  typical  reinforcement  system. 
Figure  7.6  shows  a  secondary  dome  provided  to  protect  the  primary  contain- 
ment from  the  external  hazards  and  public  from  the  internal  hazards. 

The  same  containment  is  taken  as  an  example  to  assess  its  behaviours  in  the 
seismic  environments  and  an  overpressurisation.  Results  obtained  are  clearly 
estabhshed  in  the  form  of  acceleration.  Time  historys,  displacement  and  stress- 
states  and  acceleration  spectra. 


7.2  Aircraft  Impact/ Crashes  on  Containment 

The  design  and  analysis  of  containment  vessel  to  withstand  the  effect  of  an 
aircraft  crash  or  impact  involves  many  complex  parameters,  including  loadings 
and  durations.  Bangash  has  produced  modified  force-time  impact  functions  for 
various  aircrafts,  and  these  are  shown  in  Fig  7.6.  First,  the  Belle  Fonte  vessel 
parameters  discussed  earlier  were  chosen  for  the  analysis.  The  impact  point  is 
chosen  to  be  the  apex  of  the  vessel  and  at  the  junction  of  the  dome  and  the 
cyhnder.  Results  are  produced  in  the  form  of  the  acceleration-time  histories, 
displacement  and  stress  states  for  selected  times  and  acceleration  response 
spectra.  Newmark  Wilson  6  direct  integration  methods  are  used  for  the  analy- 
sis. Crack  propagation  and  linear  and  non-linear  displacements  for  four  air- 
crafts  are  shown  in  Figs.  7.7  and  7.8a.  The  impact  zones  are  shown  in  Fig.  7.9. 
Table  7.1  shows  comparative  results  for  penetrations  and  perforations  based  on 
both  empirical  and  finite  element  analysis  for  a  number  of  aircraft  impact  loads. 
The  endochronic  model  is  used  throughout  the  analysis.  A  similar  analysis  was 
carried  out  for  the  Size  well  B  vessel  using  load-time  functions  for  the  F-16 
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Tendon  prestressing  gallery 
"^T- 0.913  m  O.D. 


O.D. 
Reactor  pressure  vessel 

Fig.  7.1  Sizewell  B  power  station  reactor  building  -  sectional  elevation  on  north/south  centre 
line  (with  compliments  of  CEGB,  UK) 

aircraft.  'Post-mortem'  of  the  vessel  is  shown  in  Fig.  7.10.  The  load-displace- 
ment as  a  function  of  time  is  given  in  Fig.  7.8.  For  this  analysis  the  vessel 
foundations  are  assumed  to  be  consisting  of  strings  at  different  directions  with 
parameters  given  in  general  by  Table  7.2.  The  springs  represent  the  soil  beha- 
viour when  aircraft  crashes  occur  as  part  of  the  integrated  system.  In  reality  a 
proper  soil  structure  interaction  analysis  would  have  given  accurate  assessment 
of  vessel  behaviour.  This  analysis  is  avoided  due  to  costs.  The  application  of  the 
soil-structure  interaction  analysis  is  more  appropriate  and  is  cost-effective  in 
case  seismic  analysis  of  such  vessels  is  carried  out. 


7.2.1  Aircraft  Impact  Using  Finite  Element  and  Ultimate  Limit 
State  Analysis 

A  reference  is  made  to  the  finite  element  and  ultimate  state  analysis  given  in  this 
text  and  the  author  books  stated  in  section  7.2.  These  analyses  are  not  repeated 
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CO 


Radians 
Length  (m) 


Fig.  7.2  Post-tensioning  loads  —  circumferential  tendons 


and  are  avoided  due  to  space  limitation.  A  non-linear  finite  element  model  is 
given  in  Fig.  7.11  for  the  Sizewell  B  containment  vessel  parameters  given  in 
Fig.  7.3.  Both  finite  element  and  ultimate  limit  state  analysis  stated  earlier  are 
compared  and  plotted  in  Figs.  7.12  and  7.13  while  assuming  different  boundary 
conditions.  For  convenience  the  results  are  plotted  on  the  containment  outside 
face.  The  containment  is  also  analysed  when  it  is  integrated  with  other  ancillary 
buildings.  The  impact  zone  is  assumed  on  the  visible  part  of  the  containment 
outside  the  ancillary  building  shown  in  Fig.  7.10.  Throughout  the  analytical 
work  the  impacting  aircraft  was  assumed  as  F-16  multirole  combat  aircraft  for 
which  the  parameters  are  given.  The  post-mortem  of  the  containment  vessel  is 
given  in  Fig.  7.14  for  the  final  disaster  scenario.  Throughout  this  analysis  the 
following  data  were  maintained  and  used: 

•  No.  of  vessel  solid  elements  1005  isoparametic  type,  20  noded. 

•  Vessel  material  properties  are  stated  earher  with  bonded  steel  and  tendon 
indicated  in  Figs.  7.3,  and  7.4  placed  either  on  solid  nodes  or  in  the  body  of 
the  element.  Total  5000  elemtents  are  taken  as  measured  and  compared. 

•  The  aircraft  elements/variable  with  the  total  element  numbering  500,000 
sohd  elements. 
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Fig.  7.3  Sizewell  B  dimensional  layout 


The  gap  or  contact  elements  were  provided  for  the  interaction  and  integrated 
analysis  adopted  at  suitable  places  to  be  9500  elements. 
Program  ISOPAR  conveniently  checked  by  ANSYS  took  the  total  time  3  ^  h 
to  produce  the  disaster  scenario.  Stresses,  displacements  and  strains  were 
obtained.  Cracks  were  produced  together  with  plasticity  indices  and  zones. 
A  four-parameter  crack  theory  was  considered  for  the  concrete  failure. 
Mostly  tendons  ruptured  or  deformed  with  visible  plastic  zone. 
Similar  time  dependent  displacements  have  been  produced. 
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Fig.  7.6  Force-Time  function 


•  A  comparative  study  of  the  finite  element  analysis  and  the  limit  state 
approach  of  this  containment  has  been  carried  out.  Figures  7.7  and  7.8  and 
the  results  are  in  good  agreement. 

Note:  For  inore  detailed  analysis  the  reader  is  referred  to  the  author's  available 
books  on 

1.  Explosion  Resistant  Buildings 

2.  Shock,  Impact  &  Explosions 
Springer  Verlag  2001,  2005  respectively 
Hiedelberg,  Germany 
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7.2     Aircraft  Impact/Crashes  on  Containment 
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,  ,„,     non-linear 

scale  in  mm  (x10)     ^-^^^^^ 

-^  level 
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(a)  Displacements  due  to  impact  (From  Bangash) 


interior  surface  exterior  surface 

aircraft  Tornado 


interior  surface 


exterior  surface 


aircraft  MRCA-Tomcat 
(b)  A  post-mortem  of  tfie  containment  vessel 
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(c)  Displacement-time  relationsfiip  using  a  Tornado  aircraft 

Fig.  7.7  A  comparative  study  of  displacement-time  relations  and  post-mortem  of  contain- 
ment vessel 
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Fig.  7.8  Linear  and  non-linear  displacement  as  a  function  of  time 


7.3  Seismic  Analysis  for  PWR/BWR 


A  non-linear  dynamic  analysis  was  carried  out  for  the  containment  vessel.  A 
direct  approach  was  adopted  in  which  the  whole  system  (containment/soil/ 
bedrock)  was  modelled  and  analysed  in  the  time  domain  using  finite  elements. 
Inertia  forces  were  reproduced  by  distributed  masses  by  involving  consistent 
matrices.  In  general  the  equation  of  motion  contain  a  mass  matrix  (M),  damp- 
ing matrix  (C)  and  a  stiffness  matrix  (K).  The  excitation  is  taken  in  the  form  of  a 
base  motion.  As  shown  in  Figs.  7.15  and  7.16,  20-noded  isoparametric  elements 
together  with  line  and  panel  elements  representing  concrete,  prestressing  ten- 
dons and  reinforcement  and  steel  liner  are  used  to  model  the  structure  and  the 
supporting  medium.  This  method  allows  treatment  of  non-linear  behaviour  and 
material  properties  which  are  adjusted  at  each  step.  Special  care  is  exercised  in 
using  the  numerical  integration  procedure  together  with  time  steps  in  order  to 
achieve  stability  in  the  solution.  In  the  stiffness  matrix  of  the  evaluation  of  the 
vessel,  the  four-parmeter  model  is  considered.  The  cracking  cases  are  evaluated 
using  the  endochronic  cracking  model.  Table  7.3  shows  the  foundation  para- 
meter for  impact  and  seismic  problems.  Figure  7.16a  and  b  indicates  damage 
scenarios  of  the  PWR  containment  of  BelleFonte  NPS  with  and  without  seismic 
devices. 
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7.3     Seismic  Analysis  for  PWR/BWR 


•  impact  level 


scale  + 17.5  N/mm 


Fig.  7.8  (a)  Impact  on  the  dome  for  various  aircraft 


The  Program  ISOPAR  has  been  written  to  perform  seismic  analysis  incor- 
porating the  effects  of  circumferential  cracking.  The  program  uses  numerical 
integration  rather  than  the  method  of  normal  modes.  The  cracks  were  obtained 
when  the  overall  stiffness  of  the  vessel  was  no  longer  constant  but  was  a 
function  of  the  shearing  stresses  in  the  vessel. 

The  equation  of  motion  was  solved  using  the  Wilson  and  Newmark  9 
methods.  The  convergence  criterion  for  ending  the  iterations  was  0.0001. 

The  size  of  the  time  step  (t)  is  critical  for  obtaining  accuracy  and  rapid 
iteration  convergence  (optimum  t  =  0.0025s). 

Stiffness  changes  wiU  occur  while  giving  some  time  steps.  A  typical  subrou- 
tine that  keeps  track  of  where  each  crack  is  on  the  hysteresis  loop  is  shown  in 
Figs.  7.17  and  7.18  and  makes  in  the  crack  stiffness  when  necessary.  A  time  step 
is  repeated  only  when  stiffness  changes  from  line  to  hne.  This  is  because  the  high 
velocities  which  occur  during  the  unloading  from  certain  lines  can  cause  the 
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Fig.  7.9  Post-mortem  of  the  containment  vessel 


crack  tip  to  go  far  below  these  specified  slips  at  certain  points,  which  causes  the 
loop  to  grow  much  wider  than  originally  specified.  Shear  crack  relation  for  a 
typical  containment  is  given  in  Fig.  7.18.  These  techniques  are  given  in  this  text 
with  exclusive  details. 

At  time  ?,  one  of  the  cracks  is  at  the  positions  marked  on  a  line  by  the 
hysteresis  loop.  At  time  {r+  Ar),a.  certain  point  can  be  missed  by  a  significant 


462 


7.3     Seismic  Analysis  for  PWR/BWR 


Table  7.1   Aircraft  impact  load  versus  comparative  vessel  thickness 


Depth  of  penetration  (m) 


Finite  element 


Thickness  for  no  perforation  (m) 


Thickness"/displacement  (mm) 


Aircraft  [speed 
(mph)] 


IRS 


HN- 
NDRC 


ACE 


DF- 
BRL 


BRL 


DF- 

ACE 


Depth  of 
penetration  (m) 


Thickness'^ 


MRCA 

2.0 

3.1 

2.5 

1.57 

1.59 

2.5 

1.80 

3.0 

[2.59] 

[3.75] 

[2.85] 

[2.30] 

[2.75] 

[2.95] 

(55  max) 

- 

Phantom  RF- 

4E 
[482] 

1.85 

2.90 

2.25 

1.25 

1.35 

2.10 

1.55 

2.35 

[2.50] 

[3.70] 

[3.00] 

[2.00] 

[1.75] 

[2.75] 

(55  max) 

_ 

Phantom  (C) 

1.75 

2.80 

2.15 

1.10 

1.35 

2.0 

1.55 

2.35 

[F482] 

[2.50] 

[3.50] 

[2.85] 

[1.75] 

[1.75] 

[2.75] 

(60  max) 

- 

Boeing  707-320 

1.80 

2.75 

2.00 

1.20 

1.50 

2.0 

1.10 

2.00 

(E) 

[730] 

[2.50] 

[3.25] 

[2.75] 

[1.75] 

[2.0] 

[2.75] 

(55  max) 

- 

Boeing  747 

2.0 

3.0 

2.30 

1.55 

1.85 

2.30 

1.90 

2.75 

[250] 

[2.50] 

[3.75] 

[2.85] 

[2.30] 

[2.50] 

[2.85] 

(65  max) 

- 

FB-ll(CH) 

2.0 

2.50 

2.00 

1.05 

1.35 

1.75 

1.25 

2.30 

[200] 

[2.50] 

[3.75] 

[2.75] 

[2.00] 

[2.00] 

[2.25] 

(45  max) 

- 

Mirage 

1.75 

2.85 

2.20 

1.25 

1.50 

2.50 

1.45 

2.35 

[470] 

[2.75] 

[3.75] 

[3.00] 

[2.00] 

[2.20] 

[3.00] 

(40  max) 

- 

Mig-23 

1.2 

1.8 

2.2 

1.0 

1.0 

2.1 

1.80 

2.85 

[480] 

[1.6] 

[5.0] 

[6.0] 

[3.0] 

[1.15] 

[3.10] 

(45  max) 

- 

"All  thicknesses  mentioned  under  finite  element  are  computed  thicknesses 
''For  wide  perforation 


Table  7.2   Foundation  parameters  (major  data) 


Foundation  radius  .R  =  24.86  m 

Foundation  thickness  tf  =  3.76  m 

Seismic  shear  force  =  1822.52  kN/m 

Uplift  from  vertical  earthquake  component  =  470  kN/m 

Tangent  shear  from  earthquake  =  1272.96  kN/m 

K^  =  translational  spring  constant  = 

K:  =  vertical  constant  =  4^^ 

Ko  =  rotational  spring  constant  = 

Ki  =  torsional  spring  constant  =  M(p_ 

i-^O.M 

P'  =  0.5 

Material  damping  8%  for  the  soil  and  2%  for  the  vessel 


32(1  -  vjCRo 
(7-8r) 


■  3(l-v) 
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Fig.  7.10  Finite  element  mesli  sclieme  for  PWR  reactor  vessel  integrated  with  other  buildings 


amount.  The  program  at  this  point  goes  back  to  time  t  and  refines  the  time  step 
and  computes  the  shear  stress  and  crack  displacement  with  the  new  refined  time 
step.  If  the  shear  stress  is  not  within  a  specified  limit  then  the  time  step  is  refined 
further  and  the  process  is  repeated  until  the  specified  limits  are  met.  The  same 
process  is  performed  for  the  stiffness  change  from  time  to  time. 

The  changing  of  hysteresis  loops  due  to  cycling  is  shown  in  Figs.  7.16  and 
7.17.  AU  cracks  start  on  the  cyclel  hne.  Once  a  shear  stress  is  exceeded, 
unloading  starts  and  proceeds  along  a  hne  parallel  to  the  dotted  line  A-B. 
The  second  cycle  is  reached  when  A-B  intercepts  a  hne.  This  process  continues. 

The  circumferential  (horizontal)  and  longitudinal  (vertical)  cracks  in  the 
vessel  have  a  significant  effect  on  the  dynamic  response  of  the  vessel  due  to 
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2.58  xlO' 


■X—    ULTIM 

o—    ISOPAR  1 2  increment 

^—    ISOPAR  20  increment 


7.02x10' 


Fig.  7.11  Stress  distribution  on  dome 


x(10) 


Fig.  7.12  Stress  on  the  barrel  wall 


7     Concrete  Containment  Subject  to  Aircraft  Crashes 


465 


PWR  containment  vessel 


Fig.  7.13  Final  disaster  scenario 


the  SSE.  The  important  design  parameters  which  are  affected  are  the  hner 
distortion  and  the  maximum  shear  stress  in  the  concrete  vessel. 

Current  design  criteria  specify  that  the  nuclear  containment  vessel  must  be 
able  to  withstand  the  simultaneous  occurrence  of  a  LOCA  with  strong  (SSE) 
earthquake  motions.  The  internal  pressure  creates  tensile  stresses  in  both  the 
longitudinal  and  circumferential  directions,  while  the  earthquake  causes  inertia 
forces  which  in  turn  cause  shearing  stresses  and  bearing  stresses  in  the  vessels. 
These  stresses  cause  forces  which  must  be  transferred  across  horizontal  and 
vertical  cracks.  The  crack  patterns,  crack  width  and  spacing  are  computed. 
Crack  widths  vary  between  0.25  and  0.38  mm. 

To  predict  failure  mechanisms  and  to  establish  the  seismic  safety  margin  of  a 
structure,  the  most  severe  earthquake  which  possibly  could  occur  at  the  site  is 
apphed.  For  this  extreme  loading  case  pounding  will  often  occur.  Extensive  non- 
linear analyses  have  to  be  performed.  Pounding  introduces  impact  loads  which 
have  to  be  superimposed  on  those  caused  by  the  ground  acceleration  itself. 
While,  in  general,  the  structure  can  withstand  the  latter,  if  sufficient  ductility  is 
provided,  the  former  loads  often  introduce  stress  and  displacement  distributions 
not  envisaged  in  the  original  design.  When  these  impact  loads  from  pounding 
are  too  high,  the  structural  system  has  to  be  modified  to  reduce  the  response  [6]. 
This  can  be  achieved,  e.g.  by  'tuning'  the  two  involved  structures  by  introducing 
a  spring-dashpot  system  between  them  or  using  Hallquist  contact  elements. 

The  shearing  stiffness  of  the  cracks  due  to  aggregate  interlock  affects  the 
shear  stress  distribution  in  the  containment  vessel  after  immediate  short-term 
internal  pressurisation. 
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view  from 
x=  1.000 
y=  1.000 
z=  1.000 


sSSSSSMS^ 


Fig.  7.14  Non-linear  model 


During  an  earthquake,  the  stresses  caused  by  inertia  forces  do  cause  the 
crack  width  to  change.  Where  the  crack  was  too  narrow  over  the  whole  of  some 
portion  of  its  circumference,  it  results  in  aheration  in  the  shear  stress  distribu- 
tions. Computer  results  show  that  for  a  total  unbonded  length  at  the  crack  of 
64  mm  the  change  in  crack  width  is  small  compared  to  the  initial  crack  width. 
Therefore  the  shear  stress  distribution  is  not  significantly  altered  from  the 
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Bast    .^^ 


Soil  , 


(b) 


Fig.  7.15  Finite  elements  for  the  Bellefonte  vessel:  (a)  with  seismic  devices  and  (b)  without 
seismic  devices 
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Table  7.3   Parameters,  design  loads  and  stresses 


Conventional  steel 
(T,,  =  yield  strength 


451.6  MN/m^ 


Liner  6-12  mm  thickness 

Coefficient  of  linear  expansion 

Thermal  conductivity 

£f„-ultimate  strain  for  concrete  0.0035 

E  (steel) 

E  (concrete)-short  term 

Long  term 

(soft  zones) 

iip-plastic  modulus 

Poisson's  ratio 

Coefficient  of  thermal  expansion  of  concrete 

Short-term  specific  creep 

Long-term  specific  creep 

Minimum  crushing  strength  at  28  days 

Rigid  target 

Steel  and  alloys 

nia  =  127.5  Mg 

m„  =  38.6Mg  included  in  m„ 

£,.  =  2x  10-3;  £,.  =  5  X  10-2 

Deformable  target 

Impact  area  =  37.2  m-;  38  m-and  25  m- 

Sizewell  B  parameter 

Ri 

d  (wall) 

R  (outer  dome) 

d  (dome) 

D  +  F+\.5P+T„ 

D  +  F+  1.25/'„  +  r„+  1.25^ 

D  +  F+Pa+Ta  +  E 

Z)-dead  load;  F-prestressing  loads; 

Jji-local  temperature  load;  F-seismic  (OBE)  load; 

P„  =  50  psig  (345  kN/m-); 

£■=0.05^;  £'=0.11gand  0.17;  -^ 

E"  (SSE)  uplift  6.9  MN/m; 

^(OBE)  =  uplift  4.7  MN/m 

ii  =  Q.\A-K=  0.0003  for  friction; 


10  nM/m°C 
41.6W/m°C 
200  X  10'  MN/m^ 

38  X  10^  MN/m-;  34  x  10^  MN/nr 

20.7  X  10'  MN/m^ 

0.74F 

0.476F 

0.15  (concrete) 

0.3  (steel) 

10  X  10-V°C  ;12x  10-**  /°C(*) 

1830  X  10-'  MN/m-°C 

2407  X  10-'  MN/m-°C 

41.7  MN/m- 


22.5  m 

2.5  m 

22.860  m 

1500  mm  spherical  shape 


Pi,-local  pressure; 

ii'-siesmic  (SSE) 

design  accident  temperature  271°F 

Time  100 

/,„  =  41.3MN/m2 

tendon  losses  21  % 


Note:  For  detailed  3D  hybrid  analysis  with  and  without  seismic  devices  using  finite  element, 
the  reader  is  referred  to  the  author  main  text  on  "Earthquake  Resistant  Buildings"  published 
by  Springer  Verlag,  Heidelberg  in  2010. 
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Shear  stress  (N/mm^) 
1.36  ■ 


A(mmx  10  ■*) 

■H 


-254.0      -169.0 


Fig.  7.16  Shear  stress  versus  slip 


sinusoidal  distribution.  Tlie  vertical  cracks  present  may  effectively  decrease  the 
flexural  and  shear  stiffnesses  of  the  containment  vessel. 

Figure  7.20  shows  a  mass  displacement-time  relation  for  the  containment. 
Figure  7.21  shows  response  spectra  under  various  conditions  and  at  the  top  and 
bottom  of  the  vessel.  The  control  motion  is  specified  at  the  free  surface  of  the 
soil  deposit. 

The  curves  show  the  motion  specified  at  bedrock  and  at  the  foundation  level, 
respectively.  Figure  7.16  shows  a  'post-mortem'  of  the  Bellefonte  containment 
at  X,  Y  =  200  gals  and  Z  =  50  gals.  Throughout  the  vessel  excitation  the 
damping  for  the  vessel  was  2%  and  that  of  the  soil  was  8%. 


7.3.1  Mutual  Pounding  of  Containment  Building  with  Auxiliary 
Building- The  Pushover  Analysis 


7.3.1.1  Introduction 

The  seismic  response  of  a  structure  which,  in  addition  to  earthquake  loading,  is 
subjected  to  the  impact  force  resulting  from  pounding  by  an  adjacent  containment 
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Shear  stress  (N/mm' 


Horizontal  slip 
(mmx  10"^) 


Fig.  7.17  Shear  stress  versus  liorizontal  slip 


Building  located  is  determined.  At  first,  simple  models  are  used  to  examine  the 
characteristics  of  the  pounding  phenomenon.  The  pounding  structure  is  modelled 
as  a  non-linear  DOF  system  and  the  neighbouring  containment  building  is 
represented  by  an  impact-spring-dashpot  mechanism.  Parametric  studies,  varying 
the  structural  parameters,  are  performed  both  for  steady-state  and  transient 
excitations.  Finally,  the  pounding  of  a  typical  reactor  building  by  an  adjacent 
auxiliary  building  during  an  earthquake  is  analysed  using  a  simple  DOF  system 
and  a  very  detailed  dynamic  model.  The  stresses  and  in-structure  response  spectra 
are  compared  to  those  for  the  case  in  which  no  pounding  occurs. 

The  gap  size  between  adjacent  structures  or  between  adjoining  structural 
units  can  turn  out  to  be  too  small  in  an  actual  earthquake  in  which  plastic 
displacements  of  the  soil  and  of  the  structure  develop,  as  it  is  customary  to 
design  the  structure,  and  thus  also  the  gap  size,  for  a  moderate  earthquake, 
assuming  elastic  behaviour.  The  problem  of  insufficient  gap  size  can  also 
arise  when  retrofitting  nuclear  power  plants  for  increased  seismic  require- 
ments can  occur. 
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Crack  displacement 


Fig.  7.18  Shear  -  crack  relation 


Fig.  7.19  Mass  displacement  -  time  relation  for  typical  containment  structure 
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1.2 


0.8 
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o 
o 

< 


response  spectrum  of 
design  earthquake 


bottom 


-►Time  s 


— I 1 1 1 1 1 1 1 1 r 

0.0  0.2  0.4  0.6  0.8  1.0 

Fig.  7.20  Containment  vessel  response  spectrum  ( ,  measured;  — ,  non-linear;  -•-,  linear) 
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Hence 


Fi{tk)  =  Ml,-,  [mi/,  [tk)  -  u„i]  =  Mil,  'Ki,  -«ii/,  (?a)] 

/'/(4)  =  Mi;,  [m„;,  -M//(4)]  =  Mil;,  [I'Wi,  {t',,)  -  M,,;,  ] 


e  =  [iiui,  (4)  -  «io  (4)]/K'  (^/c)  -  "ii/-  (4-)]  =  FiiQ/F{fk) 
In  terms  of  this  coefficient,  the  final  velocities  are  as  foUows: 

Mlia(4)  =  UlAtk)  -  (1  +  e)[Mii;Mii;(?i.)  -  Mii;Mii;(4-)]/(Mi;  +  Mffi) 


(7.1) 
(7.2) 

(7.3) 

(7.4) 
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Mii;(4)  =  "uiitk)  +  ( 1  +  e) [Muikiitk)  -  Mi,-mi,,-(40]/(^i/  +  Mm)     (7.5) 
The  loss  of  kinetic  energy  is  given  as 


KE(loss) 


(Mi,-Mi,,-) 


(Mi,.  +  M„,)_ 


il~2^)iMtk)~m,itk)r 


(7.6) 


The  energy  loss  vanishes  when  the  impact  is  on  elastic  build-up. 
It  means  e  =  1  ,  the  kinetic  energy  loss  will  become 


KE(loss) 


1 


(Mi,M„,) 


(Mi,-  +  Mm) 
(e  =  0) 


iuii{lk)  -  iimitk)) 


(7.7) 


For  completely  plastic  (e  =  0),  since  there  is  no  coupling  existing  between 
pair  of  the  floors  of  the  build-up.  Equations  (7.1),  (7.2),  (7.3),  (7.4),  (7.5),  (7.6), 
(7.7),  (7.12),  (7.13),  (7.14),  (7.15),  and  (7.16)  can  be  applied  to  any  pair  of  floors 
in  the  two  or  with  one  conventional  type  building  and  one  reactor  vessel 
buildings  whenever  they  come  into  comtact.  Equations  (7.11),  (7.12),  (7.13), 
and  (7.14)  and  can  be  summed  up  as  Eqs.  (7.11)  and  (7.12)  without  the  value  of 
[F]  on  the  right-hand  side.  Equation  (7.13)  stays  as  it  is.  However 


{eMtk)}  -  {«i(4)  "  {"i('A-)}} 

{euuitk)}  =  {mii(4)  -  {mitk)}} 

{tk<t<tk+i,k=l,2,3,...,ei=0) 


(7.8) 

(7.9) 

(7.10) 


where  (t^)  and  (4+1)  are  instants  corresponding  to  two  successive  different 
states  of  contacts  and  Eqs.  (7.3)  and  (7.9)  represent  the  incremental  velocities  of 
buildings  I  and  II  at  time  {t^),  respectively.  The  velocities  mi(4)  ^md  miiz(4)  after 
the  collision  cannot  be  evaluated  from  Eqs.  (7.1),  (7.2),  (7.3),  (7.4),  (7.5),  and 
(7.6).  The  response  of  the  entire  system  can  be  useful  between  the  limits  given  in 
Eq.  (7.10). 


7.3.1.2  Problem  Formulation  for  Publisher  Analysis 

A  containment  building  and  nuclear  auxiliary  building  exist  and  they  are  shown 
in  Plate  8.1.  Both  structures  are  named  as  follows: 

Nuclear  Containment  Building  -^  I 

Auxiliary  Lab  Building  — >  11 
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Both  structures  are  modelled  by  discrete  MDOF  systems  with  concentrated 
masses.  The  adjacent  masses  at  the  same  height  are  considered  as  Contact  Impact 
Case.  One  can  imagine  each  pair  of  masses  vibrating  initially  along  the  line 
joining  their  centres  and  finally  colliding  head-on  and  moving  along  the  same 
straight  line,  joining  their  centres,  without  rotation  after  collision  which  can  be 
treated  as  inelastic  such  that  the  local  energy  absorption  methodologies  during 
impact  will  be  taken  into  account.  Two  separate  dynamic  equations  of  equili- 
brium are  written  for  buildings  I  and  II,  taking  into  consideration  the  geometric 
compatibility  conditions:  looking  at  Plate  7.1,  the  equations  are  written  as 

[M,]{m}i  +  [C,]{m},  +  [h]{u},  -  ~[M,][I]xg  -  {F}  (7.11) 

[M„]{m}„  +  [CnMii],,  +  [kn]{u},,  -  -[M„][/]x^  -  {F}  (7.12) 

Mi-M„<{^}  (7.13) 

{F]  >  {0}  (7.14) 

in  which  the  displacement,  velocity  and  acceleration  column  vector,  respec- 
tively, are  relative  to  the  structures  base;  [M]  =  structure  diagonal  mass  matrix; 
[C]  =  damping  matrix;  [K]  =  the  structure  stiffness  matrix;  Xg  represents  the 
acceleration  of  support  motion  and  {/}  is  the  influence  coefficient  column 
vector  and  =  the  initial  distance  between  each  pair  of  spheres  and  {F}  =  the 
impulsive  forces  developed  between  them  during  colhsion;  {0}  =  zero  column 
vector.  The  subscripts  I  and  II  represent  buildings  i  and  u,  respectively.  Note 
since  the  whole  system  has  now  turned  to  be  a  series  of  zones,  the  problem  of 
determining  the  motion  of  restrained  buildings  after  collision  from  the  motion 
before  collision  can  be  solved  independently  between  each  pair  of  zones,  having 
masses.  For  those  not  in  touch,  all  kinematical  terms  remain  constant.  For 
those  which  are  in  contact  the  liner  impulse  momentum  law  to  the  normal 
velocities  of  colhding  zones  yields  in  terms  of  common  normal  velocity  u„j  at 
the  end  of  approach,  called  the  Goldsmith  approach: 

Mi^iUnitk)  +  Mnjuii^iitk)  =  Mi,,Mi,/(4)  +  Mn,,Mii,,(4)  =  ««,<       (7.15) 
or 

u,.i  =  [Mijiiuitk)  +  Mu.iUuj{tk)]/{Mij  +  Mi,,-)(Mi.,-  +  Mu.i)       (7.16) 

where  t/;  ~  instant  time  when  an  impact  occurs, 
4  —  instant  time  when  an  impact  ends. 

The  normal  impact  force  is  i^i(//c)  and  -fi(4-)  for  the  approach  and  restitution 
periods. 
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Auxiliary  Buildings 

The  adjacent  building  associated  with  the  containment  structure  is  shown  in 
Plate  7.1.  Various  stiffness  matrices  are  given  in  Plates  7.2,  7.3  and  7.4  which 
have  been  used  in  the  program  ISOPAR  with  input  shown  in  Plate  7.1. 

Analysis  of  Results 

Pounding  occurs  between  the  two  adjacent  structures  when  the  displacement  of 
containment  1  (relative  to  the  ground  Xg)  exceeds  that  of  the  frame  at  c  of  the 
auxiliary  building  by  the  value  of  the  gap  size  e.  The  impact  spring  stiffness  K^ 
becomes  equal  to  the  force  required  for  a  unit  rotation  of  half  of  the  length  of 


KeyXe=Us 


Xc  +  e 


2  3 

TIME  t[s] 

(a)  3D  with  1%  damping  combined  (with  tuning) 
KeyXe=Ue 


Plate  7.2  Seismic 
displacement-time  history: 
e  =  17m 


2  3  4  5 

TIIVIE  t[s] 

(b)  3D  2%  damping  (reactor  containment  combined)  with  tuning 
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Plate  7.3  Seismic  impact 
force-time  history 
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Plate  7.5  Response  spectra 
for  floor  1  and  2  for  different 
relaxation  time  parameter 
values  containment:  1, 
vessel;  2,  building 
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the  frame  (A^ea  =  306  N/m).  The  impact  damping  coefficient  Cea  can  be  deter- 
mined at  point  C.  Cea  =  61.8  MN/m  was  found.  The  spring  stiffness  ^er  was 
found  to  be  2.75  GN/m  structure.  K^  was  evaluated  as  2.51  GN/m.  The  value  of 
Ce  was  7.12  MN/m.  Two  modes  are  taken  as  typical  example  and  they  are  2.4 
and  4.78  HZ  with  respective  damping  ratios  of  the  associated  module  motion  as 
0.0693  and  0.0710. 

The  maximum  relative  displacement  of  point  B  and  point  C  based  on  non- 
hnear  calculations  for  e  =  1 7m  between  the  two  structures  is  given  in  graphical 
form  as  shown  in  Plate  7.2.  They  give  relative  displacement  time  history.  The 
impact  force  time  history  is  shown  in  Plate  7.3.  The  total  acceleration  time  and 
frequency  relations  are  summarised  in  Plate  7.5. 

For  greater  understanding  of  the  analysis  a  reference  is  made  to  the  authors' 
following  book. 

Earthquake  Resistant  Buildings  -  Analysis  and  Design 

(With  and  Without  Seismic  Devices) 

Springer  Verlag  2009. 


7.4  Data  for  Program  ISOPAR-NLFEA 

Table  7.4  gives  data  for  the  two  structures  (structure  1  and  structure  2)  for 
program  ISOPAR-NLFEA.  The  theory  behind  the  seismic  analysis  is  clearly 
established  in  the  text. 


7.5  Containment  Overpressurisation  and  Blowdown 

7.5.1  General  Introduction 

This  section  deals  with  the  dynamic  loadings  of  overpressurisation  and  pressure 
suspension  in  containment  due  to  pressure  fluctuations  which  are  induced 
during  blowdown  as  a  result  of  steam  condensation  in  the  suspension  pod.  In 
the  later  cases  regarding  blowdown  two  experiments  have  been  conducted:  one 
on  Brunsbuttle  Power  Plant  (Germany  in  1974)  and  the  other  one  at  Marviken 
Power  Plant  (Sweden  in  1972-1973).  A  comprehensive  paper  on  blowdown  has 
been  published: 

''Dynamic  Loading  of  the  Containment  During  Blow  Down:  Reviews  of 
Experimental  Data  from  Marviken  and  Brunsbuttle  " 

J.  Kadlec  and  R.A.  Muller.  Nuclear  Engineering  and  Design,  vol.  38P, 
143-158(1976)  published  by  North-Holland  Publishing  Company,  Amsterdam, 
Holland. 

The  reader  is  referred  to  this  paper.  The  details  are  not  mentioned  in  this  text. 

The  containment  overpressurisation  analysis  has  been  carried  out  using 
program  ISOPAR  and  results  obtained  are  fuhy  collaborated  with  the  1/6 
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Table  7.4  Data  from  program  ISOPAR-NLFEA 


1 .  Vessel  parameters  and  auxiliary  building  dimensions  as 
stated  in  Plate  8.1 

2.  Containment  vessel  data 
Concrete  solid  elements  20  noded 
Isoparametric  type:  -^ 

Plastic  elements: 

8-noded  isoparametric  1000 

elements/sector  of  22  y  —  1  depth 
Representing  liner  or  membrane 
Prestressing  elements  4  noded 
Isoparametric 

Total  embedded  or  on  surface 
Bond  elements 
Bar  elements:  4  noded 
Isoparametric 

Pg  =  containment  vessel  internal  pressure 
Material  parameters  are  given  in  Chapter  2 
The  failure  of  concrete  and  cracking  criteria 
there  in 
cOg  =  natural  frequency  =  15.7  rad/s 

3.  Building  data 
Line  elements 

Nodes  4-noded  ISOPAR 

The  rest  of  data  visible  in  Plate  .1 

Each  storey  mass  p^5.52  x  lO^kg 

Storey  stiffness  calculated  =   5.404  x  10*  KN/m 

When  VED  is  considered 

Total  number 

y  =  scale  factors 

11  =  loss  factor 

^g  =  soil  damping  ratio 

5w  =  white  noise  input  data 

k  =  each  brace 

a  weighting  ratio 

Es  =  200GN/m-;  a,.  =/,.,  =  460N/mm2  considered 

Plate  elements 

10  bond  elements 

4.  Seisinic  data 

ii  velocity:  50  cm/s; 

u  acceleration 

X-  direction 

Y-  direction 

Z-  direction 

D  =  maximum  drift  =  2% 

e  =  gap  maintained  =  17  m  =  a' 

Xg  =  ground  acceleration  as  shown 


2500/sector  of  22-^  -2  deep 
30,000  nodes 


8000  nodes 

5000 

20,000  nodes/sector  of  22^ 

2000/sector  elements 

20,000 


?i  344.75  KN/m- 


100  total  used 

=  30 

=  100 

=  1.12 

=  0.61 

=  1.0g 

^  storey  stiffness 

=  4.120 

=  500/floor,  edge  nodes  are 
linked 


200  gal 
200  gal 
50  gal 
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Table  7.4   (continued) 

Plate  8.1 

For  undamped  vibration  c  =  Cj,  =  0 

-^?i5forc  =  0 

(Og/(o  '^  1 .8  computer  program  limitation 

Test  case 

I.  One-sided  impact 

e  —  coefficient  of  restriction   =   0 

e  —  pounding  and  impact  distance  0-17  m 


scale  R  C  model  containment  test  results  by  Lawrence  Livermore  laboratory 
and  many  others. 


7.5.2  Containment  Overpressurisation 

A  1/6  th  scale  R  C  model  (Figs.  7.20  and  7.21)  has  been  designed  for  a  design 
pressure  of  317  KN/nr.  The  reinforcement  layouts  are  shown  in  Figs.  7.22  and 
7.23.  A  pre-test  analysis  has  been  carried  out  using  the  program  ISOPAR.  The 
endochronic  model  representing  the  failure  of  concrete  along  with  cracking 
criteria  indicated  in  the  text  has  been  adopted. 

The  results  are  compared  with  others  in  Figs.  7.24,  7.25,  7.26  and  7.27  using 
the  3D  finite  element  analysis  with  non-hnear  dynamic  solutions.  The  mesh 
scheme  for  this  technique  for  a  model  is  shown  in  Fig.  7.28.  The  final  model  is 
shown  in  Fig.  7.29  and  some  cracks  and  their  zones  are  indicated  in  a  portion  of 
wall  in  Fig.  7.30. 

The  Sizewell  B  model  provided  by  then  CEGB  was  overpressurised.  Figure 
7.33(a)  gives  the  displacement  pattern.  The  vessel  model  failed  at  3.15  times  the 
design  pressure  by  rupturing  reinforcements  crossing  the  developed  cracks.  The 
model  is  of  the  type  indicated  in  Figs.  7.30  and  7.31.  The  post-mortem  of  the 
Sizewell  B  containment  model  with  crack  patterns  is  shown  in  Fig.  7.31. 

For  the  Lawrence  Livermore  model,  the  pressure  -displacements  are  colla- 
borated well  with  the  experimental  and  theoretical  models.  They  are  sum- 
marised in  Figs.  7.24,  7.25,  7.26,  7.27,  7.28,  7.29,  7.30,  7.31.  Thus,  these  results 
vahdate  the  analytical  work  and  computer  program  ISOPAR-NLFEA. 

Concrete  structures  are  equal  to  30  GPa,  0.2,  2.5  Mg/m^  and  0.07,  respec- 
tively. The  horizontal  earthquake  excitation  is  represented  by  the  input-time 
history  of  Fig.  16,  scaled  to  a  maximum  acceleration  of  0.3  g.  No  vertical  or 
rotational  input  components  are  considered.  The  structures  of  the  plant  are 
constructed  on  a  deep  firm  soil  layer  whose  (uniform)  material  properties, 
compatible  with  the  strain  level  of  the  prescribed  earthquake,  are  as  follows: 
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';-«)*'^s=- 


'■'^  '^-^^mk^ 


Fig.  7.21  Schematic  of  tlie  l/6th  scale  reinforced  concrete  containment  model  elevation  view 
(Courtesy  of  Lawrence  Livermore,  USA) 


Dynamic  shear  modulus  =  0.6  GPa,Poisson's  ratio  =  0.4,  density  =2.4Mg/m 
and  coefficient  of  hysteretic  damping  =  0.05. 

The  dynamic  model  is  also  shown  schematically  in  Fig.  7.21.  The  auxihary 
building  is  indicated  on  the  right-hand  side  of  this  figure.  It  is  assumed  that  only 
the  roof  slab  of  the  structure,  which  is  hardened  for  aircraft  impact,  hits  the 
reactor  building  during  the  earthquake.  To  extend  the  scope  of  this  investiga- 
tion, the  gap  size  e  is  varied.  For  the  purpose  of  this  analysis,  where  primarily 
the  response  of  the  reactor  building  is  of  concern,  the  auxiliary  building  is 
adequately  represented  by  a  simple  frame  with  one  (horizontal)  degree  of  freedom. 
The  dimensions  of  the  roof  slab  (length  72  m,  width  =  30  m,  thickness  1.2  m) 
result  in  a  mass  ma.  =  6.48  Gg  of  this  1-DOF  system.  Assuming  a  representative 
natural  frequency  of  3.50  Hz,  a  stiffness  coefficient  k^^  is  calculated  as  3.13  GN/m. 
A  damping  ratio  of  0.07  determines  the  damping  coefficient  C^  =  20.0  MN  s/m. 
The  axisymmetric  reactor-shield  building  is  modelled  with  32  curved  higher- 
order  isoparametric  frusta  in  the  meridional  direction.  Inasmuch  as  (in  this 
investigation)  the  results  are  calculated  on  the  outer  shield  building  only,  the 
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Fig.  7.23  Comparative  study  -  ( ,  SNL;  -  -,  NIL; ,  SERD;  -D-,  CEGB;  -Q-, 

EPRI; ,  BNL;  -D-  ENEA; ,  ANL;  •  -  •,  CEA;  -A-,  GRS;  -•-,  Bangash) 

(Courtesy  of  Lawrence  Livermore,  USA) 
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Fig.  7.24  Comparative  study  -  2  (see  Fig.  7.26  for  Icey)  (Courtesy  of  Lawrence  Livermore, 
USA) 
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——  —n    1 

_ 

Fig.  7.27  One-sixth  scale  RC  containment  -  finite  element  mesh 
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b=  10.1  mm 
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ti=  16.1  mm 


Fig.  7.28  Containment  vessel  final  mode  [1006;  ISOPAR] 
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V777,VZ^A    .   .    .,,.,. 


Fig.  7.29  Major  crack  zones  [1006](denotes  zero  tensile  stress;  denotes  crushing;  denotes 
radial  vertical  cracking) 
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strata 


vessel  boundary 


^, 


Fig.  7.30  Cracked  containment 
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Fig.  7.31  Sizewell  B 
overpressurisation  analysis  - 
final  mode 
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internal  structures  and  the  base  are  modelled  as  a  rigid  body.  In  the  circumfer- 
ential direction,  the  standard  Fourier  expansion  method  is  used.  It  is  assumed 
that  the  impact  force  from  the  frame  acts  horizontally  on  an  area  on  the  middle 
surface  of  the  shell  equal  to  3  m  in  the  meridional  times  12  m  in  the  circumfer- 
ential direction  at  point  B.  This  evenly  distributed  load  is  decoinposed  circum- 
ferentially  into  16  Fourier  terms.  For  each  harmonic,  297  dynamic  degrees  of 
freedom  result  for  the  reactor  building.  Structural  damping  of  0.07  times  the 
critical  value  is  selected.  The  impedance  function  of  the  soil,  modelled  as  a 
visco-elastic  half  space,  is  approximated  as  being  frequently  independent.  The 
corresponding  springs  and  dashpot  are  shown  scheinatically  in  Fig.  7.20. 

In  addition  to  this  quite  elaborate  analysis,  referred  to  as  the  'rigorous' 
solution  further  on,  the  pounding  structures  are  also  represented  as  a  two- 
degree-of-freedom  (2-DOF)  system  (Fig.  7.21).  The  properties  of  the  first 
structure  are  associated  with  the  response  of  the  reactor  building  in  the  first 
mode  of  the  first  harmonic  (fundamental  mode).  The  corresponding  frequency 
equals  2.30  Hz.  Using  this  mode  shape  as  the  shape  function,  the  generalised 
mass  Ml  =  53.1  Gg  and  the  generalised  stiffness  ki  =  11.1  GN/m  are  calcu- 
lated. The  corresponding  damping  coefficient  Ci  =  107  MNs/m.  The  modelling 
of  the  second  structure  in  Fig.  7.22  is  identical  to  that  of  the  frame  in  Fig.  7.20 

(1712  =   «1a,  k2   =   K,  C2   =    Ca). 


Chapter  8 

Bonded  Reinforcement  in  the  Concrete  Reactor 

Pressure  and  Containment  Vessels 


8.1  Introduction  to  the  Main  Pliilosopliy 

The  quantity  and  disposition  of  main  bonded  reinforcement  in  the  Hunterston — 
'B'  P  C  P  V  is  taken  as  a  typical  case  study.  In  this  chapter  covering  only  main 
and  local  bonded  reinforcement  are  covered.  An  attempt  has  been  made  to 
discover  the  need  and  function  of  main  bonded  steel  in  the  prestressed  concrete 
cylindrical  pressure  vessel.  The  same  is  adhered  to  the  containment  vessel.  At 
present  there  is  no  established  method  available  to  determine  the  amount  of 
such  steel  needed  in  the  vessel  and  to  adjudge  its  performance  during  working 
and  overload  conditions  of  the  vessel. 

The  elastic  analysis  carried  out  for  the  vessel  hardly  suggests  the  need  of 
such  reinforcement  apart  from  where  maximum  stress  concentrations  occur. 
The  present  ultimate  load  analysis  for  the  vessel  needs  very  Httle  help  (about 
10%)  to  develop  along  with  prestressing  tendons  and  the  Hner  steel  a  full 
assumed  ultimate  strength  of  the  vessel.  In  both  these  stages,  namely  elastic 
and  ultimate  load,  certain  assumptions  are  adopted,  the  truth  of  which  is  yet 
to  be  discovered.  Moreover,  many  other  factors  are  unknown  about  the 
vessel  behaviour  including  those  from  creep,  shrinkage,  construction  and 
general  accidents.  All  of  them  individually  as  well  as  in  combination  will 
create  infinite  number  of  cracks  in  the  body  of  the  vessel,  thereby  causing  a 
premature  failure  of  the  vessel  before  ultimate  load  is  reached.  Greater 
emphasis  is  therefore  laid  on  these  factors  in  this  report  and  it  is  maintained 
that  cracks  developing  due  to  above  causes  must  be  controlled  by  bonded 
steel  and  they  should  also  be  sufficient  in  quantity  so  that  a  rise  of  pressure 
would  lead  a  progressive  increase  in  depth  of  cracks  incipient  or  already 
present  under  working  conditions.  More  research  work  is  recommended  for 
the  accurate  assessment  of  the  bonded  steel  quantities.  Local  areas  with  and 
without  penetrations  obviously  require  special  analysis  such  as  finite  element 
to  assess  whether  or  not  unacceptable  stresses  and  cracks  are  present.  Those 
areas  need  to  offset  them.  These  analyses  obviously  act  as  a  scanning 
processes. 
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8.1.1  General  Rules  for  the  Disposition  of  the  Main  Bonded 
Reinforcement  in  the  Pressure  or  Containment  Vessels 

The  following  general  rules  are  taken  into  account  for  the  disposition  of  main 
bonded  reinforcement. 


8.1.1.1  Disposition  Type-1 

The  behaviour  of  the  vessel  must  be  thoroughly  studied  under  working  and 
overload  conditions  prior  to  the  assessment  of  bonded  steel.  Sufficient  bonded 
steel  is  provided  in  areas  of  maximum  stress  concentration  under  working 
conditions  and  is  gradually  reduced  for  economic  reasons  to  areas  of  low  tensile 
or  high  compressive  stresses.  Where  cracks  are  predicted  at  pressure  above 
design  value,  bonded  steel  provided  there  must  be  sufficient  to  effectively 
control  the  initiation  and  propagation  of  these  cracks. 


8.1.1.2  Disposition  Type-2 

Sufficient  strain  must  be  developed  in  the  vessel  due  to  cracking  to  enable  the 
prestressing  tendons,  bonded  steel  and  liner  to  develop  their  full  assumed 
ultimate  strength,  i.e.,  the  number  of  cracks  times  the  average  crack  width 
must  be  equal  to  the  additional  elongation  necessary  to  bring  tendons  up  to 
90%  GUTS. 


8.1.1.3  Disposition  Type-3 

Bonded  reinforcement  in  all  areas  must  be  sufficient  to  accept,  without  failure, 
the  tensile  load  transferred  to  it  during  vessel  cracking.  In  general,  a  minimum 
percentage  of  steel  based  on  the  area  of  cross-section  of  the  vessel  (in  this  case 
not  more  than  0.3%)  should  be  investigated  for  ultimate  load  reasons  and  then 
distributed  in  proportion  on  the  outside  and  inside  faces  of  the  vessel. 


8.1.1.4  Disposition  Type-4 

In  assessing  the  contribution  of  bonded  reinforcement  to  the  ultimate  strength 
of  the  vessel  due  consideration  shall  be  given  to  the  stress-strain  curve  of  the 
steel  concerned.  The  stress  allowed  in  the  bonded  steel  shall  not  exceed  that 
corresponding  to  a  strain  of  1  % .  The  minimum  average  strain  in  bonded  steel 
shall  be  given  by  dividing  crack  width  by  crack  spacing  from  a  well-distributed 
crack  pattern  formed  in  the  vessel. 
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8.1.2  Choice  of  Main  Bonded  Reinforcement 

The  choice  of  main  bonded  reinforcement  is  based  on  its  high  tensile  strength  and 
interaction  between  it  and  concrete,  resulting  in  Iiigher  bond  length  and  an  improved 
degree  of  crack  control.  A  considerable  experimental  work  has  been  carried  out  by 
research  on  steel  bars  such  as  GK  60  deformed  bars  in  close  cooperation  with  the 
manufacturers.  Experience  of  design  companies  with  this  material  in  the  past 
suggests  to  use  GK  +  60  1  ^  dia.  (31mm)  bar  as  main  bonded  reinforcement  steel. 
It  develops  a  stress  of  60,000  psi  at  0.2%  strain  and  has  an  ultimate  strength  of  about 
100,000  psi  (735  MN/m^)  at  minimum  guaranteed  elongation  of  14%.  The  low 
carbon  content  (comparable  to  mild  steel)  of  GK  60  reinforcing  bar  simplifies 
welding  in  local  areas  and  can  expect  to  carry  the  full  tensile  strength  of  the  bar. 
Bond  tests  carried  out  on  G.K  60  according  to  BS8 1 10  of  EC-2  indicate  that  where 
an  end  slip  of  0.001"  occurs  its  bond  strength  exceeds  a  plain  bar  by  more  than 
twice  the  40%  suggested  by  B81 10  of  EC-2  and  with  initial  end  slip,  the  anchorage 
value  increases  continuously  up  to  the  maximum  value.  This  suggests  that  by  using 
this  type  of  reinforcement,  no  hooks  are  required  in  the  vessel  concrete. 

All  main  bonded  reinforcement  shown  on  vessel  drawings  cannot  be  less 
than  1  \  dia.  (3 1  mm)  high  tensile  GK  +  60  bar.  Minimum  requirement  of 
bonded  steel  in  different  areas  of  the  vessel  is,  therefore,  based  on  the  properties 
of  GK  +  60  bar  or  similar.  For  other  types  approved  by  authorities,  special  tests 
shall  be  carried  out. 


8.1.2.1  Choice  of  the  Minimum  Percentage  of  Main  Bonded  Reinforcement 

The  phrase  'Percentage  of  Bonded  Reinforcement'  is  ambiguous  in  many  existing 
vessels;  nevertheless,  minimum  percentage  of  steel  based  on  cross-sectional  area 
of  the  vessel  is  still  regarded  as  the  basis  of  design  quantity  in  the  vessel  with  some 
variations  depending  upon  different  requirements,  discussed  elsewhere.  The 
minimum  percentage  of  bonded  GK  60  reinforcement  steel  for  pure  tensile  case 
is  shown  in  Fig.  8.1.  This  figure  is  obtained  on  a  simple  basis  of  assuming  concrete 
failure  stress  of  300  psi  (2.07  MN/m^)  with  a  steel  stress  of  90,000  psi  (620  MN/ 
m^).  The  figure  becomes  0.46%  if  corresponding  steel  stress  is  assumed  to  be 
60,000  psi.  (441  MN/m^).  The  research  on  other  containments  inclusive  WYLFA 
vessel  indicated  that  the  steel  is  likely  to  rupture  following  the  formation  of 
primary  cracks  if  the  amount  is  greater  than  0.2%  of  the  cross-sectional  area  of 
concrete.  Therefore  0.2%  steel  is  considered  as  minimum  steel  to  be  placed  in  any 
cross-section  of  the  vessel  concrete. 

In  Hunterston  'B',  a  desirable  assumption  is  made  that  the  bonded  reinforce- 
ment is  capable  of  maintaining  a  strain  of  100  micro-strain  throughout  the  vessel 
in  order  to  assist  in  the  formation  of  a  well-disposed  crack  pattern,  hence  a  strain 
of  100  X  10"^  can  be  propagated  if  the  percentage  reinforcement  is  of  the  order 

250 

X  100  =  0.277%  of  concrete  area 
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KEY  :1'  =  0.3048mm 
1'  =  25.4mm 


Fig.  8.1  Disposition  of  main  bonded  reinforcement  in  the  vessel 
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This  value  is  found  experimentally  in  case  of  WYLFA.  A  conservative  value 
of  0.3%  of  the  area  of  cross-section  is  allowed  for  ultimate  load  purpose.  As 
indicated  in  the  general  rules  the  obvious  choice  is  that  this  should  be  distrib- 
uted in  a  proportion  0.2%  on  outer  face  of  the  vessel  and  0.1%  at  the  hner. 
Being  a  conservative  choice,  this  selection  is  kept  in  areas  of  the  vessel  where 
maximum  hinges  or  cracks  occur  at  ultimate  load.  The  reason  of  not  putting  the 
whole  amount  of  0.3%  on  the  outside  face  comes  from  the  fact  that  it  would  be 
difficult  in  practice  to  fix  steel  and  pour  concrete  in  the  congested  outer  face 
area  of  the  vessel.  Areas  outside  the  predicted  maximum  crack  zones  are 
reinforced  with  0.15%  (approx.)  of  the  area  of  cross-section  of  the  vessel 
(refer  to  Fig.  8.1c,  d).  To  limit  cracking,  should  any  occur  under  pressure  test 
conditions,  O.OSyo  of  bonded  steel  is  provided  near  the  inner  face  in  a  similar 
manner  to  the  outer  layer.  Therefore  away  from  the  critical  areas  of  crack 
formation  at  ultimate  load,  the  choice  of  minimum  bonded  steel  is  always 
0.15%  on  outside  face  and  0.05%  near  the  inner  face.  It  is  of  interest  to  note 
the  following  additional  points  regarding  the  requirements  of  minimum  steel. 


8.1.2.2  Disposition  Requirement  Type-1 

Bonded  reinforcement  is  considered  up  until  now  to  control  tensile  stresses  in 
the  concrete  of  the  vessel.  In  fact,  concrete  is  subjected  to  both  tensile  and 
flexure  effects.  The  flexural  stresses  arise  from  the  temperature  cross  fall 
through  the  vessel  barrel.  As  a  pure  flexural  member  (refer  to  Fig.  8.1),  the 
estimate  is  that  only  one-half  of  steel  areas  mentioned  above  would  be  neces- 
sary. Since  the  conditions  in  the  vessel  are  partly  between  these  two  cases,  it  is 
justifiable  to  take  0.2%  bonded  steel,  made  up  of  0.15  and  0.05%  on  the  outer 
and  inner  faces,  respectively,  as  discussed  earlier. 


8.1.2.3  Disposition  Requirement  Type-2 

In  actual  vessel  tensile  stresses  up  to  500  or  600  psi  (3.45-9. 14  MN/m^)  will  exist 
at  the  outer  face  of  vessel  concrete  during  working  conditions  for  15°C  tem- 
perature cross  fall. 

This  is  based  on  a  fact  that  smaller  cracks  have  already  been  initiated  at 
construction  joints  or  any  other  areas  of  low  tensile  strength  and  at  areas  of 
maximum  stress  concentrations.  These  cases  are  very  difficult  to  analyse,  hence 
engineering  judgement  is  required  to  assess  the  amount  of  steel  in  areas  under 
these  worse  effects  on  top  of  above  requirements. 

8.1.2.4  Disposition  Requirement  Type-3 

'Anti-crack  steel'  is  necessary  to  be  placed  as  splay  bars  in  the  haunch  area  of  the 
vessel  to  control  major  cracks  predicted  at  ultimate  load.  Preferential  cracking 
at  this  position  is  possible  due  to  stress  concentration  and  will  already  be 
existing  in  order  to  bring  about  premature  failure  before  the  development  of  a 
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major  crack.  'Anti-crack  steel'  helps  to  a  greater  extent,  if  placed  as  close  to  the 
liner  as  possible,  in  contributing  along  with  horizontal  and  vertical  bars  towards 
controlling  these  cracks. 


8.1.2.5  Design  of  Main  Bonded  Steel 

General  Vessel  Analysis 

As  explained  earlier,  it  is  expected  that  concrete  adjacent  to  the  outer  face  of  the 
vessel  will  lose  moisture  at  a  greater  rate  than  in  the  general  body  of  concrete. 
This  moisture  gradient  causes  differential  shrinkage  and  tensile  stresses  are 
introduced  in  the  outer  face  of  the  vessel.  In  addition  to  these,  tensile  stresses 
due  to  differential  cooling  strains  are  introduced  in  the  vessel  together  with 
stresses  due  to  stress  concentration,  constructional  stresses  and  thermal  gradi- 
ent stresses.  The  overall  tensile  stress  value  between  500  and  600  psi  is  taken  on 
the  outside  face  of  the  vessel.  It  is  also  noted  that  a  tensile  stress  of  500  psi  (3.45 
MN/m')  is  permitted  on  the  outside  face  due  to  temperature  cross  fall  of  1 5°C  at 
working  conditions.  For  preliminary  design,  areas  outside  haunch  and  equator, 
carrying  bonded  steel,  are  designed  on  the  basis  of  Fig.  8.2  (a,  b).  At  equator 
and  at  the  haunch  Fig.  8.2  (c,  d),  has  been  considered  in  order  to  arrive  at  the 
quantity  of  bonded  steel.  Figure. 8. 2  shown  in  calculation  I  is  maintained  for 
preliminary  design  and  is  selected  after  careful  study  of  the  vessel  behaviour 
during  working  conditions. 

A  special  case  around  the  haunch  due  to  local  effects  with  and  without  fillet  is 
taken  to  check  the  steel  in  that  area.  Figure.  8.3  in  calculation  1  represents  the 
principal  tensile  stresses  around  haunch  both  with  and  without  fillet.  These 
values  are  taken  from  computer  program  for  prestress  plus  proof  pressure  case. 
Four  different  cases  are  analysed  both  across  the  barrel  wall  and  the  cap  with 
and  without  principal  compressive  stresses. 

As  shown  in  Section  8.2.1.2,  a  barrel  wall  is  analysed  as  a  in  infinite  cylinder 
for  combined  loading  of  hoop  prestress,  temperature  and  design  pressure  with 
the  following  limitation: 

+  [,/to  +fpm  +fpio\  </s  =  +500  psi  (outside  tension)  (8.1) 

~  [/ti  +./ij2;]  <,/c  =  —2200  psi  (inside  compression)  (8.2) 

Refer  to  Fig.  8.4  where 

/u  =  hoop  stress  on  inside  due  to  temperature; 
/pio  =  hoop  stress  on  inside  due  to  internal  pressure; 

/p2o  =  hoop  stress  on  inside  due  to  external  pressure; 
/p2i  =  hoop  stress  on  inside  due  to  external  pressure. 
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1.     PURE  TENSION 
0.2%<P<0.3% 


FLEXURE 


di 


0.167  -r<   P<0.25    , 
a  d 

di  di 

0.2  -!<  P<0.3-r 


3.     AT  HAUNCH  REGION 
WHEN  VESSEL  CRACKS 
0.1  %<P<0.15% 

+  500 
(INSIDE) 


4.     AT  EQUATOR  OF  THE  BARREL 


0.614 


P  =  0.15%-0.2% 


r 

-390  TO -450 
(INSIDE) 


Fig.  8.2  General  criteria  for  nominal  main  bonded  reinforcement 


+  300  PS! 
(a) 


+  500  TO  600 
PS! 


(b) 


-315COMR 
(OUTSIDE) 


(c) 


+  500  TO  600 
(OUTSIDE) 


(d) 


The  results  tabulated  indicate  that  the  stresses  are  well  within  the  limiting 
cases.  Hence  reinforcement  design  based  on  500  psi  tension  aUowed  for  15°C 
temperature  cross  fall  on  the  outer  face  is  safe.  It  is  of  interest  to  note  that 
compressive  stress  on  the  inside  face  of  the  vessel  due  to  above  combination  of 
loads  is  weU  within  the  allowable  compressive  stress,  i.e.  2200  psi  for  Hunter- 
ston  'B'  concrete  mix  of  5400  psi  cube  strength  at  28  days. 
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Fig.  8.4  Cylindrical  part 
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Figure  8.5  shows  from  zero  tensile  stress  to  500  psi  tension  for  various 
internal  pressures  and  ratios  of  inside  and  outside  radii,  i.e.  wall  thicknesses. 
This  is  based  on  a  simple  formula: 


/>,  =  (/, +  0.45/;'; 


(8.3) 


All  these  notations  are  defined  in  Fig.  8.5.  It  is  interesting  to  note  that 
tension  in  concrete  becomes  more  significant  for  internal  pressure  only 
when  it  is  reaching  ultimate  load  somewhere  halfway;  500  psi  (3.45  MN/m^) 
tension  is  hardly  reached  for  a  ratio  of  approximately  1  between  internal 
and  external  radii.  Thus  the  choice  of  500  psi  is  conservative  if  no  tempera- 
ture is  considered  as  in  the  case  of  ultimate  load.  This  graph  covers  various 
barrel  wall  thicknesses  and  will  be  useful  for  future  reports  on  bonded 
reinforcement.  In  Section  8.2.1.3,  a  good  attempt  has  been  made  to  analyse 
the  cap  for  the  design  pressure  plus  temperature.  By  assuming  the  cap 
fixed  all  round  circumferentially  with  certain  elastic  fixity  («  =  0.5)  in  ver- 
tical direction  due  to  scattering  positions  of  the  vertical  tendons,  it  is 
assumed  that  the  steel  does  not  reach  yield  point  under  design  pressure 
and  that  the  principal  problem  of  the  plastic  design  of  two-way  reinforced 
cap  is  represented  by  the  determination  of  their  redistribution  factor  values. 
The  cap  is  transformed  into  a  mechanism  shown  in  Fig.  8.6.  The  'minimum 
re-distribution  criterion'  is  estabhshed  for  a  given  design  pressure  and  cap 
dimensions. 

Bending  stress  in  the  cap  is  found  to  be  insignificant  and  the  caps  arc 
too  thick  to  develop  bending  under  design  pressure.  However,  on  top  of  it, 
direct   stresses   due   to   temperature   (339   psi   (3.34   MN/m^)   tension   on 
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Fig.  8.5  Graphs  showing  variations  of  internal  pressure  and  concrete  tensile  stress  for  a  given 
strength  of  concrete 


outside  and  131  psi  (0.904  MN/m^)  compression  on  inside)  taken  from 
computer  program  as  a  worse  case  gave  the  total  area  of  steel  necessary  to 
be  1.1565  in^.  (10.04  cm^)  based  on  16.3"  to  standpipes,  21"  dia.  GK  +  60 
bars  are  required  on  outside  face  of  the  cap,  which  is  less  than  what  is 
required  from  conditions  established  in  Fig.  8.5  and  for  the  'Ultimate 
Load  Analysis'.  In  general  the  bonded  steel  5-layers  of  1^"  (30  mm)  dia. 
bars  on  the  outside  face  is  more  than  sufficient.  This  is  justified  later  on 
under  'Quantity  and  Spacing  of  Bonded  Steel'. 

Taking  a  segment  of  the  cap  between  the  centres  of  two  boilers  and  by  means 
of  virtual  work  method,  the  cap  reinforcement  is  analysed  at  the  edge  of 
standpipe  area  and  at  the  inside  of  the  barrel  wall,  i.e.  at  the  junction  between 
the  cap  and  the  waU,  subject  to  external  hoop  prestress  and  ultimate  gas 
pressure.  The  amount  of  steel  thus  required  is 

1" 
3.47in.^  or  3  -  1  -    dia  bars  at  16.3"  c/c 


In  SI  system  (3T30  @  415  mm)  centres  or  3T30  -  415  centres 


.1     Introduction  to  the  Main  Philosophy 


505 


Fig.  8.6  Plastic  design  of 
caps  under  symmetrical 
loads  (Special  yield  Line 
Analysis) 


(b) 


GENERAL  PATTERN  OF 
SYMMETRICALLY  LOADED 
RV.  CONCRETE  CAP 


ACTUAL  PLASTIC  MECHANISM 
OF  SYMMETRICALLY  LOADED 
RV.  CONCRETE  CAP 
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As  mentioned  earlier,  the  minimum  steel  is  between  0.25  and  0.3%  5-layers 
of  1 1"  dia.  (30mm)  bars  on  the  outside  are  given  for  the  'Uhimate  Load 
Analysis'  and  3D  Finite  Element  Analysis. 

In  Section  8.2.1.5,  with  a  given  cap  reinforcement  shown  in  Figs.  8.1  and 
Table  8.1  computer  results  from  'Finite  Element  Analysis'  are  taken  to  check 
the  cap  for  shear  and  principal  stresses.  In  Fig.  8.8  the  loads  are  shown 
(combined  loading  from  vertical  and  hoop  prestress  and  internal  ultimate 
pressure).  Random  values  arc  taken  from  the  program  ISOPAR  and  stresses 
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EDGE  OF  STANDPIPE  AREA 


INSIDE  EDGE  OF 
BARREL  WALL 


Fig.  8.7  Cap  reinforcement  at  ultimate  load 


are  checked  at  the  edge  and  at  the  predicted  failure  plane.  Principal  tension  is  1 35 
psi  (0.923  MN/m^)  at  the  failure  plane  which  is  close  to  allowable  value  and  the 
cap  is  not  necessary  to  be  reinforced  in  that  area.  On  the  other  hand  at  the  edge 
nominal  barrel  shear  is  21  psi.  Reinforcement  in  this  area  is  sufficient  to  look 
after  any  effect  due  to  shear  or  principal  stresses. 
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Table  8.1    Location  of  Main  Bonded  Reinforcement  (key:  1  ft  =  0.3098  m,  1  in  =  25.4  mm) 


Area 


Description  of  reinforcement  bars 


A 
B 
C 
D 

E 

F 

G 

H 

J 

K 

L 

M 

N 

P 

R 

S 


^"  dia.  bars  in  3  layers  at  10"crs.  both  ways 
^"  dia.  bars  in  2  layers  at  10"crs.  both  ways 
5"  dia.  bars  in  single  layer  at  10"crs.  both  ways 
^"  dia.  bars  in  2  layers  between  boilers  (circumferential) 
4"  dia.  bars  in  3  layers  at  10"crs.  (radial) 
I"  dia.  bars  in  5  layers  at  16  5"  crs.  both  ways 
4"  dia.  bars  in  5  layers  at  164"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  2  layers  at  16|"  crs.  both  ways 
4"  dia.  bars  in  5  layers  at  164"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  3  layers  at  16|"  crs.  both  ways 
4"  dia.  bars  in  3  layers  at  164"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  4  layers  at  16|"  crs.  both  ways 
4"  dia.  bars  in  4  layers  at  16^"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  3  layers  at  10"  crs.  (vertical) 
4"  dia.  bars  in  2  layers  at  20"  crs.  (horizontal) 
I"  dia.  bars  in  2  layers  at  10"  crs.  (vertical) 
4"  dia.  bars  in  2  layers  at  20"  crs.  (horizontal) 
I"  dia.  bars  in  single  layer  at  1 1"  crs. 
4"  dia.  bars  in  single  layer  at  1 1"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  2  layers  at  1 1"  crs.  both  ways 
4"  dia.  bars  in  2  layers  at  1 1"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  3  layers  at  1 1"  crs.  both  ways 
4"  dia.  bars  in  3  layers  at  1 1"  crs.  (orthogonal  grid) 
I"  dia.  splay  bars  in  3  layers  with  1  ^"  dia  spacer. 
bars  in  2  layers 
^"  dia.  bars  in  4  layers  at  12"  crs.  both  ways 
4"  dia.  bars  in  4  layers  at  12"  crs.  (orthogonal  grid) 
I"  dia.  bars  in  6  layers  at  12"  crs.  (circumferential) 
I"  dia.  bars  in  6  12"  layers  (radial) 


Note:  This  should  be  read  in  conjunction  with  Fig. 
Note:  1  4"  in  metric  T-30m.s.  All  GK.  60  bar 


8.13  Crack  Distribution  and  Control  Analyses  of  the  Vessel 

Various  crack  distributions  shall  be  summarised  in  a  separate  section  and 
indicates  distribution  of  stresses  between  cracks  of  a  well-disposed  crack  pat- 
tern of  the  wall.  Figure  8.9  can  be  drawn  in  which  the  embedment  and  tension 
areas  in  the  barrel  wall  are  defined.  Main  bonded  steel  in  these  areas  is  defined 
on  the  basis  of  a  single  bar  embedded  in  vessel  concrete  which  would  span  a 
certain  crack  width  and  also  between  two  cracks  of  a  well-disposed  crack 
pattern  as  indicated  earlier.  As  the  strain  in  main  bonded  steel  varies  from 
maximum  at  the  crack  to  a  reduced  value  in  between  the  two  cracks,  it  becomes 
necessary  to  know  the  minimum  average  strain  in  the  bonded  steel. 
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Fig.  8.8  Shear  and  principal 
stresses  in  cap  at  ultimate 
load 


INNERMOST  TENDON  \  i^ 


O2    pi  EDGE 

,\,K    /  z 


FAILURE  PLANE 


P=  ULTIMATE  PRESSURE 


The  minimum  value  is  defined  as 


(8.4) 


where  Wis  the  width  of  crack;  L  the  average  crack  spacings.  'W  and  'L'  both 
depend  on  the  shape  of  the  vessel,  bonded  steel  and  the  way  the  internal  forces 
are  distributed  in  the  vessel.  Moreover,  construction  joints,  local  stress  concen- 
trations and  thermal  stresses  will  be  additional  factors  to  assist  in  the  formation 
of  these  cracks. 

In  the  uncracked  part  of  the  vessel  concrete,  tie  strain  assumed  is  100  micro- 
strain.  Therefore,  the  average  strain  in  the  bonded  steel  is 


100  mirco  —  strain 


W 


(8.5) 


Various  theories  gave  different  values  of '  W  and  'L'  and  they  are  tabulated 
in  Secfion  8.2.1.2. 

The  average  values  are  taken  as  W  =  0.05"  (1.27"  mm); 

L=  30"  (762  mm). 


As  the  pressure  increases  more  and  more  cracks  are  formed  and  the  value  of 
'V  will  be  reduced.  It  is  necessary  therefore  to  limit  the  size  of  the  cracks  by 
providing  sufficient  bonded  reinforcement.  The  size  of  the  crack  is  limited  to 
0.3  mm  (0.0118")  and  the  number  of  G.K  +  60  bars  of  1 4"  dia.  required  to  do  so 
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EMBEDMENT  AREA 


EMBEDMENT     q^ 
AREA      qO^^  ^ 


D       N^b 


CONTOURS  OF 
Qp>^  CRACKING 


n6  ^  EQUIVALENT 
TENSION  AREA 


TENSION  ZONE 


DISTRIBUTION  OF  fg  IN  BRICE 
THEORY 


(e) 


Fig.  8.9  Embedment  and  tension  areas  location  in  the  barrel 


is  3.  This  condition  is  applied  only  near  the  equator  and  at  the  haunch.  In  all 
other  areas  it  is  taken  for  granted  that  at  a  stress  of  60,000  psi  in  a  bar,  a  crack 
width  of  0.05"  (1.27  mm)  can  be  expected.  Thus  in  the  whole  vessel  the  mini- 
mum number  of  bars  necessary  to  be  placed  for  obvious  reasons  of  these  cracks 
is  to  be  2-  1  ^"  dia.  G.K.  +  60  type.  They  are  shown  in  Figs.  8.1  and  Table  8. 1  of 
this  chapter.  This  matches  very  well  with  the  reasons  discussed  earlier. 
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In  an  axisymmetric  vessel  the  cracks  in  the  longitudinal  direction  in  the 
barrel  and  radial  direction  in  the  top  cap  will  in  theory  be  infinite  in  number. 
In  nonaxisymmetric  vessel  such  as  in  the  Hunterston  'B'  containing  boiler  pods, 
the  number  of  these  cracks  is  assumed  at  ultimate  load  to  be  limited  by  the 
number  of  weak  sections.  Since  peak  bending  moments  occur  because  of  load- 
ing and  inter-restraint,  between  cap  and  wall,  the  meridional  cracks  will  be 
bounded  by  a  few  major  cracks  in  the  haunch  region  and  near  the  equator. 
These  cracks  at  ultimate  load  are  tabulated  in  Section  8.2.1.3.  The  results  are 
taken  from  'Ultimate  Load  Analysis'  and  the  crack  pattern  in  this  case  is  shown 
in  Fig.  8.11.  These  cracks  vary  from  1.8"  (38  mm)  to  3.6"  (91.5  mm).  Also  in 
Section  8.2. 1 .4  crack  formulation  at  ultimate  load  corresponding  to  hner  failure 
strain  is  evaluated  for  stud  spacings  of  8|"  (205  mm)  and  9"  (235  mm).  The 
crack  width  that  a  hner  can  span  comes  out  to  be  1 .57"  (40  mm),  corresponding 
to  28%  hner  steel  strain  and  14%  GK  +60  bar.  However,  the  crack  sizes  are 
compatible.  Thus  a  common  figure  of  2"  (50  mm)  crack  width  is  taken  at 
ultimate  load.  This  is  checked  by  the  3D  Finite  Element  whether  or  not  the 
bars  he  matching  the  solid  element  nodes. 

It  is  assumed  that  smaller  crack  developed  in  major  crack  zones  is  progres- 
sively increased  to  2  inch  (50  mm)  width  at  ultimate  load  and  it  is  necessary  to 
check  the  bursting  stress  in  the  bar  and  the  bond  length  required  at  that  stage,  in 
Section  8.2.1.5,  analysis  is  carried  out  to  check  the  minimum  GK-60  inch  bond 
length  of  steel  provided  in  the  vessel.  Previous  research  indicates  that  at 
ultimate  load  1  j"  (40  mm)  dia.  GK  +  60  bar  can  span  over  2"  (50  mm)  crack 
for  a  stress  differential  of  40,000  psi.  Thus,  at  ultimate  load  conditions  2  no.  1  g" 
(30  mm)  dia  bars  will  still  be  a  reasonable  number  to  control  the  crack.  The 
number  of  bars  from  Brice  theory  in  this  area  comes  out  to  be  3.  Thus,  in  major 
crack  zones,  this  number  is  maintained  in  either  direction  as  shown  in  Fig.  8.1 
and  Table  8.1. 


8.1.4  Quantity  and  Spacings  of  Bonded  Steel 

The  disposition  of  main  bonded  reinforcement  shown  in  Fig.  8.1  clearly  shows  a 
change  of  the  amount  of  bonded  steel  from  one  zone  to  another.  All  these  zones 
are  named  and  are  given  reasonable  dimensions.  Quantities  and  spacings  of 
bonded  steel  in  these  zones  are  based  on  design  requirements,  as  discussed 
earher. 

As  a  general  rule,  outer  skin  and  inner  skin  bonded  steel  are  taken  to  be  2- 
layers  at  10"  (250  mm)  c/c  and  single  layers  at  10"  c/c  both  ways,  respectively. 
Departure  from  this  general  rule  in  some  areas  is  based  on  certain  requirements 
to  be  met  at  working  and  overload  conditions. 

In  the  top  and  bottom  caps,  the  number  of  layers  and  spacings  vary  but  the 
quantity  of  steel  necessary  is  kept  more  or  less  the  same.  In  top  cap  standpipe 
area,  the  bar  spacings  are  rearranged  to  fit  between  standpipes  while  at  the 
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inside  face  of  the  bottom  cap,  the  spacings  are  Hmited  by  the  grout  holes.  These 
bars  are  placed  in  orthogonal  grid.  All  radial  and  circumferential  bars  in  top 
and  bottom  caps  are  fitted  in  between  the  tendons  and  hence  their  spacings  are 
not  constant.  In  order  to  adjust  the  minimum  requirement  of  3  layers  at  16.3" 
(415  mm)  c/c  or  2  layers  at  10"  (250  mm)  c/c,  the  number  of  bars  is  increased. 
Additional  reinforcement  is  shown  in  the  caps  around  boiler  pods  in  order  to 
meet  ultimate  load  requirements. 

All  bars  have  been  given  full  bond  lengths.  Various  lap  lengths  given  in  the 
vessel  have  been  worked  out  from  the  construction  programme  of  Hfts  and  bays. 

After  the  final  arrangement  of  bonded  steel,  each  zone  is  further  checked  on 
the  basis  of  the  following  limitation: 

/ix/;/>?ca  (8.6) 

where 

/( is  the  bond  steel  ratio; 

/sF  the  rupture  stress  of  bond  steel; 

ten  the  tensile  stress  of  concrete. 
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8.2.1  General  Criteria  for  Nominal  Main  Bonded  Reinforcement 

8.2.1.1  General  Problems 

It  may  be  expected  that  concrete  adjacent  to  the  outer  surface  of  the  'vessel'  will 
lose  moisture  at  a  greater  rate  than  in  the  general  body  of  the  vessel.  This 
moisture  gradient  through  the  thickness  of  the  vessel  will  cause  differential 
drying  shrinkage  and  the  tensile  stresses,  hence,  are  introduced  in  the  outer 
surface  of  the  vessel.  These  stresses  are  effectively  controlled  by  means  of 
bonded  reinforcement. 

In  Additional  to  these  tensile  stresses,  some  random  tensile  stresses  are 
introduced  due  to  differential  cooling  strains  which  cannot  be  covered  by 
analysis;  constructional  stresses  locked  in,  local  stress  concentration  and  ther- 
mal gradient  stresses  are  some  more  to  be  considered  while  assessing  the 
amount  of  reinforcement. 

For  preliminary  disposition  of  main  bonded  reinforcement,  it  is  necessary  to 
study  carefully  the  'vessel'  behaviour  during  elastic  and  ultimate  load  condi- 
tions and  a  proposed  construction  technique.  After  careful  study  of  the  'vessel', 
general  criterion  for  main  bonded  reinforcement  is  established.  This  criterion  is 
indicated  in  Fig.  8.2.  It  covers  preliminary  requirements  for  general  'vessel' 
areas  and  specific  haunch  and  equatorial  regions.  A  tensile  stress  of  1500  Ib/m^ 
(3.45  MN/ni")  at  working  conditions,  worse  case  of  600  psi  (4.15  MN/ni^)  at 
ultimate  load  is  also  considered. 
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Check  on  reinforcement  around  haunch  based  on  stress  concentration  fig- 
ures (principal  tensile  stresses)  with  and  without  fillets  is  also  made,  taking 
zones  across  the  barrel  wall  and  the  cap.  Four  different  cases  shown  in  Fig.  8.3 
have  been  taken  for  analysis,  with  and  without  principal  compression.  These  are 
the  stresses  for  proof  pressure  case  from  elastic  analysis  carried  out  on  computer 
using  program  ISOPAR  or  equivalent. 

8.2.1.2  Prestress,  Temperature  and  Design  Pressure 

After  selecting  and  locating  reinforcement  in  the  barrel,  various  areas  are 
checked  for  combined  loading  of  prestress,  temperature  and  pressure. 

p  —  radius 

a  —  internal  radius  =  21  —  6'(6. 5532  m) 

b  =  external  radius  =  42'  —  16"  (excluding  channel  shutters) 

pi  =  internal  pressure  =  644  psi  design  pressure 

P2  =  external  pressure  due  to  circumferential  prestress  =  (700  psi  average) 

Tx  =  temperature  cross  fall  =  1 5°C 

a  =  thermal  coefficient  =  9.2  x  10~^ 


Ec  =  5x  lO^psi  f  34,500  MN/m^ 

/c  =  Permissible  working  compressive  stress  =  200  psi  (p/s  +  pressure) 

/s  =  Permissible  working  tensile  stress  =  500  psi 

/t  =  hoop  stress  due  to  temperature  cross  fall 

/pi  =  hoop  stress  due  to  internal  pressure 

/p2  =  hoop  stress  due  to  external  pressure 

u  =  Poisson's  ratio  =  0.15 

/ti  =  hoop  stress  on  inside  due  to  temperature 

/to  =  hoop  stress  on  outside  due  to  temperature 

/pi  =  hoop  stress  on  inside  due  to  internal  pressure 

/p5  =  hoop  stress  on  outside  due  to  external  pressure 

All  other  suffixes  'i'  and  'o'  are  for  inside  and  outside,  respectively. 
General  Cases 


PicP--p2b^+(^-f-){j: 

pib^  ^ PiCi^  +  {fpjijM  ~ P2) 

';  - 

(a)  Internal  pressure  only 


/(hoop)  = ^ [-compressive  tensile  compression (8.7) 


/(radial)  = ^yT^ (8.8) 


^=.?^fl+S)  (8-9) 


b^~a^\       p2 
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(b)  External  pressure  only 
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fp. 


1+^ 


(8.10) 


(c)  Temperature  cross  fall 


yt  = 


EqOiT^ 


2(l-v)log,*/« 


1  -  log. 


p      b'-^a^ 


logc  b/a 


(8.11) 


Limiting  Cases 


Ifto  +fp,o  +fp2o\  <  +,/s  =  +500psi  MN/m 


|/ti  +fp2i\  <  -,/e  =  -2200psi(-15.18MN/nr') 


(8.12) 
(8.13) 


Pi 

./pio 

P2 

.fei 

fpio 

psi 

(MN/nr) 

+  11.15 

(+7.94) 

+  473 
(+3.28) 

-  1918 

(-13.235) 

-  1215 
(-8.384) 

./li                                                                                         ./to 

psi 

(MN/m-) 

-219 
(-1.511) 

+  1090 

(+7.5215) 

Applying  Limiting  Cases 


1090  +  473  +  (-1215)  =  348  <  500  =  3.45  MN/m^ 

-  1918-219=  -2137<  -  2200  = -15.18  MN/m^ 

OK 

Minimum  reinforcement  2  —  21 1  c|)  bars  at  10  c/c  is  required.  In  some  areas 
such  as  near  the  haunch,  additional  reinforcement  is  introduced  for  the  reason 
indicated  elsewhere  in  this  chapter. 
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8.2.1.3  Plastic  Design  of  Caps  Under  Symmetrical  Working  Loads 

Notation 

a  =  radius  of  cap  periphery 
b  —  radius  of  a  load  surface 

^s  =  permanent  load  uniformly  distributed  on  a  unit  area 
Gs'G  =  over  load  and  design  lond 

Gs'G  yg  =  1 

Lm,  Lo,Lp  =  virtual  works  of  plastic  moments,  design  permanent  load  and 
design  gas  load,  respectively 

Mia  —  absolute  value  of  the  negative  unit  elastic  radial  moment  on  the  cap 
periphery 

Mpi ,  Mp,  =  positive  unit  plastic  radial  and  annual  moments,  respectively 

^p,a,  Mp^a  =  absolute  values  of  the  negative  unit  plastic  radial  and  annular 
moments  in  the  slab  periphery 

p  =  gas  load  distribution  on  a  unit  area  or  on  a  unit  length  of  a  certain  circle 
of  the  cap 

Ps'Pi  =  stand  pipe  and  design  loads  respectively 

(■Pu  ==  TpPs) 

Pi  =  total  gas  load  corresponding  to  the  attainment  of  the  design  yield  point 
is  only  one  point  of  the  steel  reinforcement 

y  =  redistribution  factor  = 

^  G+Pi 

7a  =  redistribution  factor  for  Pi  —  Ps 

Uio,  U20,  Uia  =  coefficient  of  unit  elastic  moments  produced  by  total  perma- 
nent load 

yg,  jp  —  overload  factor  of  permanent  and  gas  loads,  respectively 

ri  ~  elastic  fixity  of  the  cap  periphery  =  0.5  in  this  case 

=  Mia/  absolute  value  of  unit  elastic  moment  on  the  peiphery  of  a  perfectly 
fixed  ended  slab 
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P\g  =  radius  corresponding  to  the  circle  defined  by  all  the  zero  points  of  the 
diagram  of  the  elastic  moments  produced  by  the  permanent  load,  exclusively, 
assuming  rigid  fixity  of  the  cap  periphery 

PiP  =  same  as  for  pyg  except  the  load  is  gas  load 

Pi  =  approximate  true  radius  of  the  circle  defined  by  all  zero  points  of  the 
diagram  of  the  elastic  negative  radial  moments  produced  by  the  loads,  assuming 
an  elastic  fixity  of  the  slab  periphery. 

8.2.1.4  The  General  Plastic  Equilibrium  Equation  for  Reinforcement 

Let  0  be  the  virtual  angular  displacement  of  the  plastic  mechanism  (Fig.  8.6).  In 
this  case  the  virtual  work  principle  gives  the  following  plastic  equilibrium 
equation: 


-M 


Lp^O  (8.14) 


The  virtual  work  of  the  plastic  moments  acting  along  all  the  yield  lines  after 
rearranging  becomes 

Lm  =  2n[RMPi  +  aMpu  +  (o  -  R)Mp2\B  =  Lq  +  Lp  (8.15) 

For  obtaining  a  unique  solution  of  the  plastic  moments  MP\,Mp.^  and  Mp2 
satisfying  the  above  equation,  supplementary  equations  are  necessary. 

The  criterion  for  solving  the  problem  of  the  plastic  design  of  two-way  rein- 
forced cap  is  the  '  minimum  redistribution  criterion'.  In  the  case  of  a  fixed  ended 
circular  cap  subjected  to  a  symmetrical  pressure  load,  the  most  stressed  points  are 
its  centre  and  the  unit  elastic  radial  and  annular  moments  are  maxima.  Let 

Mio  =  C/ioG  +  uioP  (8.16) 

MiQ  ^  U20G  +  V2oP  (8.17) 

Mu,=  Uu,G  +  »xaP  (8.18) 

be  the  values  of  the  unit  elastic  moments  at  these  points.  Taking  into  account 
both  the  definition  of  the  plastic  moment  and  the  redistribution  criterion 

Mio  =  Mpx 
M20  ^  Mpisxidp^pi 

Mia  =  M^la 

On  the  other  hand,  the  elastic  analysis  of  symmetrically  loaded  reinforced 
concrete  cap  shows 

M\o  =  M20     (a) 
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Therefore 

vio  =  V20     (b) 
Mio  =  V20     (c) 

Hence 

M,,  =  M„2     (d) 

lna{Mp2  +  Mpx^)6  =  LG  +  L?  (8.19) 

Lq+  Lp  =  maximum  if  R  =  0  (8.20) 

Hence  the  actual  plastic  mechanism  of  the  cap  subjected  to  symmetrical 
pressure  loads 

Lg  =  2nU,G6  (8.21a) 

Lp  =  2nv,P^6  (8.21b) 

From  the  above  consideration,  the  maximum  value  of  pi  is 

P.  =  (^^-^^"-^-)^  +  ^''^"  (8.22) 

V20  +  Via 

Therefore, 

y  =  Expression  for  redistribution  factor  becomes 


Therefore 


The  sum 


G  +  Pu  (v20  +  Vl„)(l+^„) 


C;  +  Pi  Ul-  U20  -  Ula  +  V20  +  Via  +  V/K,, 


(8.23) 


G  =  na'-  g-  Lg  ^aG(^;  C/.  =  —  (8.24) 

i  on 

P,  =  nP^aW,  Vc  =  ^^  (8.25) 

19  -  2>?  ;? 

"20  =  —7^7 — ;  vi«  =  ^  (8.26) 

9671  8?: 


24-5^^-28M-12>?(2-/^^) 
V20  = ^ (8.27) 


vio  =  '\'^  '  (8.28) 

071 
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Final  value  for  'y' 


(24 -5/?^ -28  ln^)(l+^„) 
21  -  5/?-  -  28  In  iS+  16(3  -  2jS)A'u 
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(8.29) 


Taking  the  expression /»i  by  using  the  general  expression  of  the  redistribution 
factor 


p 

1  — 

-(■-')  =  + 

V     yJ 

1 

(8.30) 

Mp\  =  M,,2  = 

"20  -  1^20      1  -  - 

V       )7. 

7 

(8.31) 

Mp\^  = 

V           )7. 

i 

(8.32) 

The  above  plastic  moments  become  that  the  actual  redistribution  factor  corre- 
sponding to  the  loads  'G'  and  'Pu'  are  equal  to  y^-  In  ^^his  case  a  partial 
redistribution  of  internal  forces  takes  place  under  the  action  of  loads  G  and  P\j 
and  also  Pi  =  P^ 
Therefore 


Mp\  =  Mp2  =  U20G  +  VjoPs 
Mp,.^  =  UiaG  +  ViaPs 


Position  of  the  Zero  Points 


Pi  =  (l-)?)fl  +  )7 


Pig  +  Kipip 
l+Ki 


(8.33) 
(8.34) 

(8.35) 


(a)  When  y  <  y^ 


1  +  ku 
Ki= 1 


(b)  When  y  >  y^ 


K\  =  K^ 


The  absolute  values  of  the  negative  radial  moments  decrease  from  the  periphery 
to  the  centre  of  the  cap.  Obviously,  the  maximum  absolute  value  of  these  moments 
corresponds  to  the  cap  periphery.  For  particular  purposes  it  is  first  necessary  to 
obtain  the  position  of  the  zero  point  of  the  elastic  negative  radial  moment. 
Subsequently,  the  fulfilment  of  the  condition  is  obtained  when  radial  steel  reinfor- 
cement is  placed  along  the  length  of  the  above-mentioned  moment  diagram  so  that 
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the  intensity  of  this  reinforcement  is  the  same  at  all  points  and  equal  to  the 
corresponding  radial  plastic  moment  M/>,  _ .  It  is  clear  that  this  is  on  the  safe  side. 

Total  effective  dia  =  (43'  -  0)  +  40'  =  83'  -  0     (25.3  m) 

Ignoring  channel  shutters  approximate  C.G  of  tendon  from  outside  =  150" 
(3.810  m) 

effective  2a  =  58'  -  0  and  a  =  29'  -  0  =  883.82  cm 

2/3  =  43'  -0&ndh  =  21'  -  6"  =  655.32 cm 

r\  =  elastic  fixity  degree  of  the  cap  periphery  =  0.5 (worse  condition) 

Value  ofgs 

The  value  of  ^s  is  the  built-in  stresses,  i.e.  construction  stresses.  They  vary 
from  100  psi  to  a  very  neghgible  amount.  These  stresses  are  usually  ignored.  The 
amount  of  10  psi  (0.069  MN/m^)  is  taken  for  a  circle  of  the  cap. 

g,  =  0.703 kg/cnr  =  10Psi('o.069  MN/nr] 

Ps  =  45  kg/cm'  =  644Psif4.443MN/m^] 

]'8  =  1 .0  —  no  overload  factor 

)'^  =  1 . 1 5  —  overload  factor  for  proof  pressure 

design  value  of  G,  =  na- g,  ^  2.207(883.92)^ 

=  172  X  10^kg('l5.627MN/m-')  =  G 

P,  =  nh^p,  =  6x10^  kg(545.13  MN) 
Pv  =  ypPs  =  6.9  X  10^  kg(629.91  MN) 

'^  G"l.72x  106" 

_Pu_  6.9x10^ 
^^-^-1.72x106-4^-^ 

1+^u      41.1 
^^=TT^  =  404=  1-^2 

P  =  -  =  ^^=  0.741  (from  Fig.  8.6d) 

y>)'„     7=1.22 
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519 


19  -  2« 
U20  =  -^^  =  0.0425 
9671 


Via  =  ^=0.0199 

871: 


V20 


24  -  5iS^  -  28  In  i?  -  12)7(2  -  P^ 
967t 


0.04 


Via 


'7(2-/^') 


0.0289 


For  y>y^ 
Mpi  =  Mp2  = 


UlQ  -  iJ20     1 


^    ,    "^20 


0.0425-0.04    1 


1 
122 


1.72  X  10^+  [0.0328  x  6.9  x  10^] 


=  0.0072  x  1.72  x  10^  +  0.22632  x  10^ 
=  0.12384  X  10^  +  0.22632  x  10^ 
=  2, 275,  584  kg  cm  (20.675  MN  cm) 


M^la  = 


Ui;  -  Uia  (  1  -  - 


0.0199-0.0289    1 


1.22 


1.72  X  10* 


=  0.01468  X  1.72  X  10^  +  0.11247  x  10^ 

=  0.25250  X  10^ +  0.11247  X  10^ 

=  1, 149,950  kg  cm  (10.448  MN  cm) 

1  1 

/;,  =     X  5400  =  1800  psi  =  126.54  kg  cm" 


/t 


1900  kg  /,        1900 


cm2     '/,      126.54 


-15-71 


0.0199 


1.22 


X  6.9  X  10' 
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.    ^                    m 
11,  =  neutral  axis  factor  = =  0.5 

m  +  Vi 

a=l-^=l-^  =  0.833 

3  3 

Q  =  yfctha  =  ^  X  126.54  x  0.5  x  0.833  =  26.4 

M  =  Qbcf  =  26.4  X  1  x  (648.64)^ 
=  26.4  X  1  X  42  X  10^ 
=  1108.8  X  lO'^kgcm 
11.088  X  10*"  kg  cm 
>  2.275584  x  10^  kg  cm  (20.875MNcm) 

Also    >  1.149950  X  10^  kg  cm  (10.448MNcm) 

Thus  at  working  load  the  bending  stress  is  not  very  significant: 

a  =  0.01  X  q/i=  16.112 
oid^  1.0368  X  lO"* 

^^^M(kgm)^2.19cmVm  =  0.107  mVft 
ad 

Less  than  minimum 

Maximum  tensile  stress  in  the  cap  on  outside  surface  taken  from  'Dynamic 
Relaxation  Program'  closed  to  edge  =  339  psi  with  corresponding  compression 
stress  of  131  psi.  Therefore  combinated  of  these  with  'Design  Pressure'  shall  give 
the  required  minimum  reinforcement  in  top  and  bottom  caps 

/s=  131:-=  339:/t  =  5085 
m 

>/i  =0.315;  4  =  0.895 

e  =  ^(131)(0.315)(0.895)=  18.5 

Qbd-  =  18.5  X  12  X  (210)^=  (222)(44, 100) 

a  =  4/j  =  4560 

222  X  44, 100      ,_.    2/ft 
^s  =  —r-^ — :z77r  =  1  -06  in.  /ft 
4560  X  210  ' 

Since  the  steel  owing  to  proof  pressure  is  neghgible,  the  following  amount  of 
steel  by  direct  ratio  of  proof  pressure  and  design  pressure  will  be  close  to  reality: 
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/It  =  0.0965  inVft 
At  =  total  steel  =  1.1565 

Area  based  on  16.3"  c/c  (415  mm  c/c)  spacings 
No.  bars  =  ^  x  1.565  x  yi?  =  rSl  =  1-28  bars 


Minimum  steel 

V 
4 


2  no.  1  f  Q  bars  (2  -  30  mm  HTS) 


<5  no.l  i  gbars  (5  -  30mm  HTS) 
Based  on  600  psi  (tension). 

Note:  Check  this  for  ultimate  load  by  combining  ultimate  pressure  and  hoop 
prestressing. 


8.2.1.5  Cap  Reinforcement  at  Ultimate  Load  with  Penetration 

Yield  Line  at  Edge  of  Standpipe  Area 

Refer  to  Fig.  8.7 

Approx.  no.  of  standpipes  crossing  a  radius  =  9 
O.D  of  standpipes  =  12"  (300  mm) 

(1/2"  thickness) 

Ligament  1  \    and  spacing  c/c  of  stand  pipes  =  16.3"  (415  mm) 

replacing  12"  concete  byl  steel  compensation  =  j^xlooo 

=  0.73  take  0.5  for  safety  reasons 

equivalant  concrete  on  radius  =  186— 5x9x  12=  132 

Let  m  be  the  resisting  moment/inch  around  circumference 

Area  =  i  x  186  x  145.8  =  13, 600 

Total  gas  pressure  =13, 60QpF^ 

For  gas  cooled  reactor/)  =  pressure  644 psi,  F^  ~  safety  factor  3  for  cap 

external  work  =  13, 6QQpFs^ 

internal  work  =  -^y^  mA 

Thus  equating  work 

m=  11.1  X  10^  lb  in./in. 

Average  pressure  over  top  9'  —  Ocap  =  966  psi  f  5.665  MN/m  j  (based  on 
77t/in.^).  Similarly  for  containment /)  =  50  psi.  similar  calculations  are  carried 
out. 
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Average  pressure  over  bottom  9'  —  Ocap  =  722  psi  (4.2341  MN/m" 
d^  118" 


118 


f,d,k  =  n.\y.  10^ 


Concrete  stress  4000  x  |||  =  2800  psi 


2800^1  (  118-y  1  =  11.1  X  10' 


^ p     (based  on  966  Psi 

5.665  MN/m2) 


P2  (based  on  772  Psi 
4.2341  UHlrr?) 


Therefore 


dx  =  39.75" 


Lever  arm  for  P|is  4i  =  (216  -  19.875  +  21)  =  175.125" 

Ml  =  966(108  -  21)  X  175.125  =  14.72  x  lO^(lbin) 
Lever  arm  for  P2  is  hi  =  108  -  19.875  =  88.125" 

M2  =  772  X  108  X  88.125  =  7.44  x  10*'(lbin) 


Ml  +M2  =  25.16  X  10*>11.1  X  10^ 

No  reinforcemem  is  required  in  this  area. 
Yield  Line  at  the  Inside  of  Barrel  WaU 

equivalent  area  =  258— ^x9x  12  =  204  in^ 
area  of  the  element  =  ^  x  258  x  203  —  26187  in^. 

Similarly  equating  external  and  internal  works 


A      203 

^^^^^^^^3=258"^^ 

m^  11,100;  pF^=  11, 100  x  1932  =  21.4452  x  lO^lbin/in. 
d=  118",  concrete  stress  =  205/258  x  4000  =  3180psi 
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Similarly 

3180t/i(  118-^1  =  21.4452  X  10" 


2 
di  =  97.39" 

=  J^631_  ^  j^^2  X  10^  =  12.3  X  lO^lbiii/in. 
175.125 

M,  =  ^^^-"^^-^"^^  X  7.44  X  10^  =  5  X  10«  Ibin/in. 
88.125  ' 

Ml  +M2  =  17.3  X  10^  <  21. 4452  x  10^  Ibin/iii. 

Bonded  reinforcement  is  required. 

Assume  bonded  reinforcement  on  top  and  bottom  faces 

External  work  =   8729  x  1932A  =    16.85  x  lO^A 
Internal  work  =  0.7867mA  +  2  x  0.7867m'A 
m  due  to  prestress  =  17.3  x  lO^psi 

(assuming  load  can  be  transferred  to  ring  beam  -  cracked  but  not  separated) 
16.85  X  10^  =  0.786  x  17.3  x  10^  +  1.572/1/ 

Therefore  m'  =  20.6  x  10^ 

20.6  X  lO'-  ^,,_    2,. 

^st  =  -, (TT-jm =  0.213  m.  /m. 

(210-2^)  X  6000  ' 

2.56       ^ 

total  no  bars  — «  2 

1.227 

In  standpipe  area  from  this  total  effect 

=  -—  X  2.556  =  3.47 in.-  oc2.84  bars 
12 

1" 
say  3  —  1  -  (j)bars  G.  K.  60  +  (minimum  requirement) 

Elsewhere  in  the  cap  —2  no.  1  \  (|)bars  G.K.  60+placed  at  12"c/c  (305  mm  cjc) 
Same  as  before. 

Note:  Area  of  steel  in  particular  zones  should  be  increased  if  spacings 
required  are  more  than  12"  c/c  or  of  varied  nature. 
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8.2.1.6  Shear  and  Principal  Stresses  in  Cap  at  Ultimate  Load 

Data 

SF  =  shear  force  at  the  hinge 

H  =  cap  thickness  =  216" 

A  =  area  of  concrete  ^c  =  f  [nRl  -  nRf  -  nRD^]  =  26841  in.^ 


Where 


0  ~  half  symmetrical  angle  (8.36) 

RE,  Rl  =  external  and  internal  radii 
D  =  boiler  diameter 

radial  force  on  the  element  of  cap  ,„  ,  , 

"^ (2R,-DP)smO ^'-''^ 

/(j,  =  yield  force  of  cap  reinforcement  per  inch  ACT  x  FYS  (8.38) 


Tb  =  shear  stress  in  the  barrel  =  ^ 

Tyv  =  nominal  shear  at  6i  —  6i  edge  plane 

P  X  27rRl2       RI 
=  -r? — ^-?^  =  wv-rP  =  0.597Ppsi 
H  X  27iRi       2H  ^ 

a^.  —  nominal  compression  =  '^*^ 
a  =  principal  stresses  (psi) 


(8.39) 


(8.40) 


The  following  table  shows  various  values  at  6\  —  0\  of  shear  and  principal 
stress  derived  based  on  data  available  from  ultimate  load  program  IBM  140: 
AT  Plane  Oy  -  Oi 


EEH 

Pcap 

Pbarrel 

SFatZ 

T              n^ 

'* 

o-A 

0.016 

1885 

1610 

-1,374,839 

-21         138,394 

76,663 

996  psi 

6.8724  MN/m^ 

T.vr 

2 

\/(f)'(^-)  = 

(71 

f2 

psi 

MN/m- 

961 
6.631 

498 
3.436 

±1082 
±7.466 

±1530 
10.56 

-534 
-3.685 

At  plane  62  -  62 

z  =  R  +  HcotO 


where  cotO  =  — -—  (8.41) 

H 
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2  tan  0  2H{Z  -  R) 


tan  20  : 


l-tan2  0      (^Z-R)--H^ 

2%      PR 
tan  2  a  =  —  =  —  = 
a       2H 

2H{Z  -  R)         P,R 


2%      PR      PR 

a  =  0tan2a  =  — =  —  =  —  (8.42) 

a       2H      Hjj, 


(Z  -Ry  -Ifl        «<f 
Rearranging,  the  cubic  equation  becomes 

PR^  -  2pZR^  +  R[p{Z-  -  H^)  +  2//«<t,]  -  2HZn^  =  0 
Taking  random  value  from  computer  program 

H  =  216;  Z  =  250.5;  n/^  -  163, 676.96 

P= -1885.5532 

The  cubic  equation  reduces  to 

R^  -  501i?^  -  2.14  X  lO'*^  +  0.84  x  10^  =  0 

Transforming  into  the  form 

.\'^  —  px±  q  =  0 
Putting  x  =  y  —  —  =  y—  167 

cubic  equation  becomes 

/  -  >'(10.5  X  10^)  -  34.9  X  10^  =  0 
The  only  applicable  root+y(4/V3)cos(0  + 240°)  where  cos  30  =  ^27cf/4p^ 

when  4p^  >  21  q~ 

4p^  =  +4630.5  X  10'^ 

27^2  = +32, 886  X  10** 

cos  30  «  o 

0«3O° 
i?=  167  + 
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216 

tan  a  =  — —  =  2.584,  a  w  60° 
83.5 

o-.v  =  845 

845      1    I         n  T 

F=  —  ±  -  ^(845)^+4(730)^  =  422.5  ±  55.75 

F\  =+980psi 

Fi  =  —  135psi  not  critical 

Tlie  vale  of  9  as  60°  is  established  from  computer  program  and  lab  tests. 
Ratios,  Coefficients 

fi  =  j^  (bending);  —  (tension) 
bd  A\, 

m  ~  modular  ratio 

ACT 
A'b,  A'r,  K\f^  ~  coefficients 

ojs,  (Xc  =  coefficient  of  thermal  expansion  of  steel  and  concrete  respectively 

^1 ,  Ci ,  C2 ,  C3  =  coefficients 


9 


8.2.1.7  Bending  Area  (Circular) 

(a)  Two  consecutive  cracks  and  a  section  in  between  having  a  constant  bending 
moment 

(b)  At  each  crack  where  f^  =  0  the  maximum  stress  is  attained  in  the  reinforce- 
ment and  its  magnitude  is 

M 
./sF  -  ^  (8.43) 
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Moving  away  from  cracks,  the  bond  between  concrete  and  steel  is  brought 
into  play;  the  reinforcement  transfers  an  increasing  proportion  of  the  total 
tensile  force  to  the  concrete.  The  maximum  stress  in  concrete  is  reached  at 
X  =  y  and  cracking  takes  place  if  this  value  t^  =  ?ca-  Thus  two  extreme  values  are 
achieved  for  the  distance  between  the  cracks 

?c  <tca  —  L  maximum  distance 

L         .  ^.  L 

tc  =  /ca  at  —maximum  distance  x  =  ir 

Average  mean  spacing  L^  ~  0.75L  (8.44) 

At  Section  8.2.1.10,  total  tensile  force  is  carried  by  partly: 

(a)  Reinforcement /sy4s 

(b)  Bond  between  steel  and  concrete  is 

where 

/bx  =Mi£)  (8-45) 

Denoting  the  distribution  bond  stress  along  distance  between  cracks  as 
shown  in  Fig.  10.10 

hvA,=f,A,p  j  f^F{^^dx  (8.45a) 


or 


./.^,/sp-^|fQ^.-  (8.45b) 


For  constant  moment  domain 

Ma  =  Mb  ==,/sf^s>'  =  M^  ^f,AJ+  t^z^ 
Together  with  Eq.  (8.45b) 


re=^/V(f)^x  (8.45c) 
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at.\-  ~  O.SLtc  ~  ten 

pJfb 


1  I  Zr  tr^ 

L  =  — -^-^  (8.45e) 


1  Zc  ^ca 

Ci— ^-^  (8.45f) 


where 


2     /•'/' 

Ci      Jo 


f^l^yQ  (8.45g) 


Referring  to  the  assumption  regarding  the  functions  F{x/l)   shown  in 
Fig.  8.10 

Ci  =  2  for  F{j)  =  1  in  Brice  theory      \ 
Ci=n  for  i^(f)  =  1  in  SaHgers  theory    >  (8.45h) 

C|  =  4  for  F{j)  =  1  in  Wastlund  theory  j 


Crack  Width 

Width  of  cracks  denotes  elongation  in  net  value  between  steel  and  concrete,  i.e. 
the  total  slip  between  them,  or 

fL/2 

w  =  2  /       sdx  (8.46a) 

Jo 

where  s  =  {es  —  Cc)  per  unit  length 

taking  into  consideration  the  influences  of  shrinkage  and  temperature  variation 
of  ±T.  Introducing  the  modular  m 

s  =:  -^-p h  esh  ±  T{oi,  -  (Zc)  (8.46c) 


1.2     Calculation  1 
Using  Eq.  (8.46a) 

r-i/2  I 
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L/2 


w  =  2  -(fs-mtc)dx  +  2  {csh  ±  T{as  -  ac)}dx       (8.46d) 

Jo       'E'  JO 

Substituting  for/s  and  ?c  from  Eqs.  (8.45b)  and  (8.45c)  respectively,  and  after 
rearranging  terms: 


2    /"^/^ 


U'  =- 


SF 


EsJo 

+  L{esh±  r(as-ac)} 


^'-f-l-ztir^T: 


(ix 


(ix 


(8.47) 


L 


pLfhJ 
/sF  -  2 I  w 


JA. 


If^iMMI) 


+  L{esh±  T{as-Xc)} 
With  the  aid  of  Eqs.  (8.45d)  and  (8.45) 


/sF  -  tea  (  m  +  jy  )  2Ci 


+  L{esh±  7'(as  -  ^c)} 
or  more  compactly 

/sF-  C2^ca('«  +  y^ 

where 


1/2 


-'z)"(z)"(z 


For  bond  distribution  shown  in  Fig.  8.10 

C2  =  ^  in  Brice  theory      "l 

C2  =  5  in  Saligers  theory    > 

C2  =  5  in  Wastlund  theory  J 


(8.48) 


(8.49) 


L{esh  ±  n«s  -  ac)}  (8.50) 


n^mM^ 


(8.52) 


Neglecting  the  elastic  deformation  in  concrete  (i.e.  m  =  0)  and  the  shrinkage 
and  temperature  effects 
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L 


/sF  -  CitcA  m 


JA, 


(8.53) 


where  L  is  given  by  Eqs.  (8.45e)  and  (8.45f)- 


Direct  Tension  Area 


These  equations  are  taken  by  Watstien  and  Parsons.  In  Fig.  8.9a  the  embed- 
ment area  Ab  =  abed  =  2d'b  when  under  direct  tension  having  a  large  depth  D, 
consisting  of  two  flanges  each  of  area  Ab  =  Id'b  as  shown  in  Fig.  8.9c: 


D^2 
Zc  =  2Ab——  =  AhD 

J=Ab^/A,^^D 


(8.54a) 
(8.54b) 


or 


/c  =  J  Ah 


(8.54c) 


Substituting  these  values  in  Eqs.(8.45c),  (8.45d),  (8.45e)  and  (8.45f)  and 
expressing 


—  —a  and   —  =  — 

Ab  A^      i? 


r.=*^/"%. 


l)       a.  Ah 


{^)d{'-i-]=^'-i^fhL  I       Fr^]d 


1/2 


ll"\L. 


(8.55) 


=  4^A 


1/2 


©<l) 


''H'>[-L 

1  Z^Q  tea 


„    t  ^s     ,     'ca 

p  J  jh  P  As      /b 


4    A'  ,/b  ^  At  /b 


(8.56) 


(8.57) 


in  which 


Ci  = 


Ci 


(8.57a) 
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In  a  similar  manner  Eq.  (8.50)  transforms  into 

1 


L 


/SF  -  C2/ca     m 


L{esh±Tia,-oi,)}  (8.58) 


The  similar  expression  comparable  to  Eq.  (8.58)  is 

H'  =  ^,/SF-C2—  (8.59) 

For  practical  reasons,  a  considerable  amount  of  simplification  is  achieved  by 
neglecting  the  term  Cj  ^  in  Eq.  (8.59).  The  assumption  is  on  the  same  side: 

n'  =  L^-^=cM'^^  (8.60a) 

Es  Es  /b  A« 

[It  seems  that  the  limitation  of  stresses/^f  and  ?ca  may  sometimes  be  necessary 
to  restrict  the  width  of  cracking.  Reduction  in  crack.] 

Width  is  also  based  onf^,  which  in  turn  is  dependent  on  bar  surface.  GK  60  is 
more  effective  in  this  respect. 

Writing  in  different  ways 

u'  =  c^^/sF  (8.61a) 

Equation  (8.53a)  can  be  written  as 

w^A^fsF  (8.61b) 

where 


Esfb 

The  following  are  various  theories  taking  into  consideration  various  formu- 
lae for/b  or/b.^ 

8.2.1.8  Brice  Theory 

Bond  between  steel  and  concrete  is  essentially  a  frictional  force  and  the  elastic 
plastic  strains  in  concrete  are  negligible  compared  to  those  in  reinforcement. 
This  force  is  uniform: 

./bx=/b  =  -^^  (8.62a) 

1  +  3f 

'c 

KB  for  GK  60=  1.6 
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4,  4  =  the  sum  of  bar  diameters  and  the  sum  of  thickness  of  concrete  traversed 
by  a  line  of  possible  cracking  whose  last  two  non-coincident  sides  are  normal  to 
the  face  of  concrete. 

The  hne  of  possible  cracking  should  be  so  chosen  that  it  encounters  the 
largest  number  of  bars  and  minimum  of  concrete,  i.e  4/4  is  as  large  as  possible. 
In  Fig.  8.9b  the  contour  of  cracking  may  be  abcde  or  abfg  or  gfhi. 

When  the  bars  are  fairly  uniformly  distributed  over  the  embedment  area. 
Brice  suggests  that  the  area  Ab  may  be  assumed  to  be  made  up  of  as  many 
square  areas  as  the  number  of  bars  with  the  bar  embedded  in  the  centre  of  each 
of  these  elemental  areas. 

In  such  a  case 

a'=—  (8.63) 

n 

I  =  n^ 
I  =  nci  —  n^ 

9 


Therefore 

4  a  —  (j)      A  —  1 

Expression  (8.47a)  reduces  to 

/bx=/b  =  2/s:S/ea^  (8.63a) 

i.e.  F{x/L)  =  1;  Ci  =  2.0;  Ci  =  -and  C3  =  - 

As  given  earlier  by  Eqs.  (8.61b),  (8.52)  and  (8.50)  substitution  of  Ci,  C2  and 
C3  in  the  appropriate  expression  of  the  above  general  theory  gives  results  in 
Table  8.2. 

Theoretically,  flexural  cracks  wiU  not  occur  so  long  as  the  apphed  moment 
M<Mc  but  accidental  cracks  can  nevertheless  take  place.  Brice  assumes  that  in 
the  circumstance  the  bars  behave  as  if  they  were  fixed  in  concrete  on  either  side 
of  the  crack  and  proposes  a  simple  formula  for  limiting  the  stresses  in  steel  in 
relation  to  the  width  of  cracks. 

The  variation  of/s  in  this  theory  is  shown  in  Fig.  8.9a  from  which  the  average 
stress  in  steel /sa  can  be  computed  as: 
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/sa  =/sF  -  -^Lf^  =,/sF  --^  (8.63b) 
Therefore,  the  crack  width  on  La(0.75L)  is 

Ha  =  ^(/sF-0.75^/b)  (8.63c) 
Substituting  L  from  Eq.  (8.8b) 

•^•^^^Osf-O.VS^a)  (8.63d) 


reduces  to 


0.75^/b-0.75Ci-^rca  (8.63e) 

9  PJ 

With  c  =  2,  f  =  f ;  Me  =  rcaZc;  Mr  -./sf^s/ 
Therefore 

0.75 -/b  =  0.75  X  2  X  -r  — ^ — -?ca  =  g./sF  vr  (8-630 

(|)  pi?  AJsF  J  8       Mr 


and 


(b  ,     r3Mc 

0.75L  =  ^/sF    g^ 

,/b       1 8  Mr 


Table  8.2   Parameters  in  general  theory 


General  theory 

Quantity  FlexureCi  =  2;  C2  =  0.5  Tension  C2  =  0.5;  C3  =  0.5 

/bx  /bx  =  /b  =  2KBtca  J^  =  IKBtca  jq^ 

,  p/b^-^-  /j/b.v  _  4i  /: 


/s  /sF  -  f  Av  =  /sF  =  |./b.v  from  0  -  i 

/sF  -  1/b.v  =./sF  =  t/b-v  from 0  -  Z, 


4KB  J 


Simplified  solution 


/bv  As  above 

iifetisF  _  4>  1  ;.+2./sF 

2/i/b  E,   ~  4iiKB>.-[  £, 


H 
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,/b 


3McU        37We 
8Mfj\        8  Mi- 


ll 


-MP 


(8.64a) 


ill  which 

8  Mr  V        mJ  ^       ' 

When  u'a  =  0  there  wiU  be  no  cracking  when  either  M^  ~  0,  i.e.  /ca  =  0  or 


1 


3Mc 
8Mf 


0 


i.e.  Mc  =  2.67Mr 


(8.65a) 


Since  ?ca  >OMc  =  2.67Mf  can  be  attained  if  reinforcement  is  provided. 

On  the  other  hand  w^  attains  the  maximum  magnitude  when  /;  is  the  largest 
which  is  easily  determined.  Thus  putting 


3Mc 


y 


8Mf 


(8.66) 


8.2.1.9  Summary  of  Crack  Distribution  Theories 

Notation 

(A)  Stresses 

fc  ^tensile  stress  in  concrete  at  any  section 

?ca  =tensile  strength  of  concrete 

fsu,fp^  =crushing  strength  of  cubes  and  prisms,  respectively 

/s  =tensile  stress  in  steel  at  any  section 

/sp  =tensile  stress  in  steel  across  a  crack 

/b  =niaximuni  value  of  bond  stress  between  concrete  and  steel 

yi,j,  =average  bond  stress 

fij^  =bond  stress  at  any  section  at  a  distance  X  from  a  crack 

E^  =modulus  of  elasticity  of  steel 

(B)  Strains 

e^es  =strain  in  concrete  and  steel,  respectively 
esh  =shrinkage  of  concrete/unit  length 
s  =slip  of  steel  per  unit  length 

(C)  Dimensions  and  section  properties 

b  =width  of  tension  zone 

d,  h  =effective  and  overall  depth,  respectively,  in  a  section 
d'  =cover  to  the  centre  of  tensile  reinforcement  d  =  h-d' 
Zr  =sectional  modulus  of  concrete  section 
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/  =lever  arm 

Ab  =embedmeiit  area  of  concrete 
^ct  =area  of  concrete  in  tension  zone 

^d  =area  of  tension  reinforcement  in  one  direction  per  foot  length  (width) 
Ai  =active  stretched  area  of  concrete  =  \2(2  d'  +  Q) 
(|)  ^diameter  of  reinforcing  bar 
^s  =area  of  reinforcement  =  ^^^  for  '«'  bars 
p  =perimeter  of  reinforcing  bars  =  =  inz(\)  for  '«'  bars 
4,  /c  =explained 

L  =maximum  distance  between  cracks 
La  ^average  (mean)  distance  between  cracks 
w  =maximum  width  of  cracks 
H'a  =average  width  of  cracks 
T  =temperature 
5  =spacing  of  bars 
(D)  Moments 

M  =moment 

Mf  =moment  at  a  crack 

Mr  ^moment  of  resistance  of  concrete  above  ?caZc 


Setting  dp/dy  =  0 


0.25 


Then 


LsU'a  =  ^  (8.67) 


4/b 
Limiting  value  for  stress  in  steel  is  given  by 

./  SF  -  ^      (|> 


8.2.1.10  SaUger's  Theory 

In  this  theory  the  bond  stress  distribution  in  the  form  of  sine  curve  (Fig.  8.10)  is 
defined  by 

'2.71X 

/b.v-,/bsin—  (8.68) 
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Saliger  takes  into  consideration  elastic  strain  in  concrete  and  uses  the  follow- 
ing value  for  stresses  and  modular  ratio 

fca  -  j^  kg/cm^  flexure     E,  =  29, 000  kg/cm' 
'ca —j^^  kg/cm  tension    w  =  8.8  flexure 

f  r       /r 

■^to^  for  deformed  bars      m  —  24  tension 

3       4 


with  C3  =  f  as  given  by  Eq  (8.9b). 
Then  from  Eq.  (8.44a) 


T^fsF  tea  ^  .„  ^Q. 

n'  =  -— — - —  (8.69) 

4  E,  Ji,  fx  ^ 


8.2.1.11  RMsh's  Theory 

In  this  theory  the  crack  width  is  expressed  as 

w  =  — /sF  (8.70a) 

^R  —  coefficient 

The  value  of  w  is  easily  transformed  to  the  general  form  of  Eq.  (8.44b)  by 
relating  v  to  m 

_  p   _  p  AsAb 

_4/i^ 
<\>  Aa 

V  =  0  percent  age  bond  between  concrete  and  steel  denoted  by  the  ratio  of  the 
bond  area  to  the  area  in  the  tension  zone  abed  in  Fig.  8.9d  i.e. 

P 

Act 

and 

w  =  —-- /sF  =  ^^ — ,/sF  (8.70b) 

4  ^ct/i  2  /( 


K^  =  0.10  -  0.14  X  lO"*"  for  the  type  similar  to  GK  60 
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8.2.1.12  Efsen  and  Krenchel  Theory 

Ab  =  gross  area  of  concrete 

Net  area  =  (^b  ^  nlh-)  =  AN 

Part  of  the  load  transferred  to  the  concrete  by  bond  stress  =  n^At  = 
ANif,)  =  A^f, 

/bmaximum  bond  stress 


(8.70c) 


W  from  this  work  was  found  out  by  Henshuholt  to  be  0.05  mm  for  total 
elongation  of  120  cm  prism. 

Ratio  between  mean  values  n'm/La  is  independent  of  bar  type  and  of  the 
concrete  cross-section  and  practically  only  dependent  on  the  reinforcing  bar 
stress 

^■^  and/sF  are  plotted  as  shown  in  Fig.  8.10a; 

/sF  between  2000  and  4000  kg/cml 

/sF  -  600 
-^  =  Ljf^^  (8.70d) 

stress      ,      ,  „ft  ,     ,      9 

tan  e  = ^  =  2x10^  kg/cnr 

stram 


^b 

=  c^f 

/m 

_  1 

2 

TTCJ)  = 

-4h/sF 

L  = 

2Eh 

7C4> 

./m 

./m 

For 


7^-(,/sF-6OO)cot0 


,/sF  >  ^^55^     La  practically  is  independent  of  the  steel  stress 
Crack  spacing  for/sF  =  3000  kg/cm^  f  42, 600  Ib/m'") 

B=  ^'' 

'^      J^  (8.70e) 

La  =  Ky+  Kyp 

Variation  K\,  Kj  with/sF  shown  in  Fig.  8.10b 

La  =  3  +  0.63;?  (8.70f) 

Crack  width  L  can  also  be  computed  directly  from 

,/sF  -  800 


0.03  +  3.6/r- 


106 


l.l/?y^(mm)  Refer  to  Fig.  8.12c 
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Fig.  8.10  Graphs  for 
various  parameters  in  Efsen 
and  Krenchel  theory 
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m2 
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8.2.1.13  Wastlund,  Jonsson  and  Osterman  Theory 

The  investigation  deals  with  flexure  only.  The  maximum  value  of  the  bond 
stresses  assumed  to  occur  at  the  edges  of  the  cracks  is  expressed  as 


/b  =  ^h; 


(8.71) 


10^ 


;  ^coefficient 
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The  distribution  of  bond  stress  gives 

/bx 

Elastic  strains  in  concrete  is  taken  for  m  =  10 


'-Ty-'/i 


^(flexure  only)  =  ^„ 


Zq/SF 


-|2/3 


^s^Z-t^s 


(8.72) 


(8.73) 


K„  =  OA 


For  transformation  of  Eq.  (8.73)  to  the  case  of  direct  tension,  using 
Eq.  (8.54c) 


100m 


(8.74) 


Therefore  vt-  —  Kvj(^ 


Generalised  expression 


For  GK  60  bars  y'w/^  =  14 


100^- 


iuu— ^  V^rWt./sf- 


(8.74a) 


Summary  of  Results 

Table  8.3  summarises  various  crack  width  and  spacings  based  on  the  above 
theories. 

To  limit  the  crack  to  0.3  mm  3  no.  GK60+  bars  1  ^cj)  are  required  in  the 
embedded  area  on  the  tension  side.  Usually  in  RC  structures,  hair  crack  size 
permissible  with  ordinary  reinforcement  having  tensile  strength  of  20,000  psi  is 
0.15  mm.  With  the  type  of  reinforcement  provided  in  p.v  and  with  the  size  of 
structure  hke  pressure  vessel,  crack  size  at  working  permissible  is  assumed  to  be 
0.3  mm.  Therefore  where  greater  tension  in  concrete  is  to  be  expected  on  the 
outside  surface  or  haunches,  the  minimum  number  of  bars  <  3. 

Lower  average  strain  in 


Bonded  steel  =    100  x  10" 


U' 

L 


(8.75) 
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Table  8.3   Summary  of  crack  width  and  crack  spacing 


GK60  + 

Crack 

Crack 

Minimum 

Stress 

Tensile  stress 

Method  of 

width 

spacing 

reinforcement 

assumed  in 

developed  in 

analysis 

(ir)  (mm) 

(L)  (mm) 

embedded 

GK60  bar 

concrete 

Brice 

Sahger 

Riisch 

Efsen  and 
Krenchel 

Wastlund, 
Jonsson, 
Osterman 


1.59 
1.85 
1.96 
1.815 

1.90 


1130 
990 
930 
1005 

710 


i30mm(()      o(415) 


o 


M   orT30only 


oMN/m^ 


>  (345) 

,  MN/m^ 


Maximum  crack  spacing  =  30"  (750  mm) 
Maximum  crack  width  =  0.05"  (1.25  mm) 


8.2.1.14  Crack  Formation  at  Ultimate  Load  Corresponding  to  Liner  Failure 
Strain 

Maximum  crack  width  the  liner  can  span  is  estimated  for  a  failure  strain  of  25%.  A 
stress-strain  curve  for  the  AGR  liner  is  not  yet  available  after  aging  and  irradia- 
tion. In  this  analysis,  a  typical  mild  stress-strain  curve  is  used  and  is  assumed  that 
the  stress-strain  curve  in  bending  tension  is  similar  to  that  in  direct  tension. 

Studs  spacing  are  fixed  from  buckhng  analysis  and  neglecting  elastic  strains 
and  friction,  a  crack  width  is  determined  for  ultimate  pressure.  The  results  are 
summarised  in  the  following  pages.  The  ultimate  capacity  of  studs  is  investi- 
gated according  to  C  P  117  and  results  estabhshed  by  'Nelson  Studs'  of  USA. 


8.2.1.15  Crack  Widths  at  Ultimate  Load  Case 

Combination  of  vertical  prestress,  hoop  prestress  and  ultimate  pressure. 
Data 

HL  =  internal  height  from  equator  to  the  underside  of  the  cap 

H  =  cap  thickness 

20  =  angle  of  segment 

RE  =  external  dia 

RI  =  internal  dia 

X  —  position  of  hinge  for  equator 

EEH  =  hoop  strain  at  equator 

ECH  =  hoop  strain  at  cap 

EOH  =  hoop  strain  at  hinge 

/  =  length  of  crack 

D  —  boiler  dia 

y  =  depth  of  compression  block 
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,  CIRCUMFERENTIAL  BARS 


CIRCUMFERENTIAL  BARS 


SPLAY  BARS 


SECTION     THROUGH    AXIS 

Fig.  8.11  Deformation  pattern  of  vessel 

The  general  patterns  are  shown  for  variotjs  cracks  in  Fig.  8.11. 
CWL  =  longitudinal  crack  width  at  equator 

=  2sin0RI  (EEH  -  EOH) 

CWH  =  horizontal  crack  at  haunch 

RE      (ESH  -  EOH)RE 


(EEH  -  EOH) 


X         {WL  +  H-X) 


X  L 


(8.76) 


(8.77) 


where 


/=  \/(RE-RI-  Yy  +  {X~HLf 
CWE  horizontal  crack  at  equator 


2RE(EEH   -   EOH) 
X 


RE 


RI 


,RE 
RI 


(8.78) 


For  1610  psi  ultimate  pressure.  Table  8.4  shows  the  estimated  crack  width. 
Table  8.4   A  comparative  study  of  cracks 


Type 


IBM  1401  programcalculated 
values 


IBM  7094  programcomputer 
values  from  ISOPAR 


CWL 
CWH 
CWE 


1.8  in.  (46  mm) 
2.8  in.  (70  mm) 


2.1  in.  (54  mm) 
2.3  in.  (58  mm) 
3.6  in.  (92  mm) 
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:it 


,      -T    ^t 
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Fig.  8.12  Crack  formation  at  ultimate  load  corresponding  to  linear  failure  strain 


Crack  formation  ultimate  load  corresponding  to  liner  failure  strain  is  shown 
in  Fig.  8.12. 

Data 

x\  =  square  pitch  of  studs  (assumed)  =  9"  and  1/8" 

t  =  liner  thickness  =  3/4" 

/(  =  coefficient  of  friction  =  0.4  (assumed) 
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Ps  =  shear  loading  on  studs  (between  12.75  and  14.3  t) 

P  =  transverse  pressure  =1610  Ib/in^, 

n  =  number  of  pitches 

(/^■).T  =  stress  in  the  liner  at  distance  X  from  crack 


{fx)^^QX\  t  -  fixipx  -  [nps] '^"   ''  2  ^-^ "  (^"+''  2 


txi 


G.Y  = 


./;-36,oooi'-^" 


58,000 

Ax  =  2  J^"  t^dx  +  2  jf/  €.^  dx  =  1 .8"(crack  width) 
/.=fgf  =  4650  lb/ml 

From  Fig  8.12c 

(/;Uo +.//,<  6000 

55, 000  +  4650  =  59, 650  <  60, 000 
The  hner  in  this  case  takes  Ax  ==  1.8"  (47  mm),  take  as  50  mm 

shear  ^  =  2280  Ib/in^  <  {f,)^^^  andh 


(8.79) 


for(2M- l)y  <x<(2«+l)y  (8.79a) 


(/:,).,=o  in  tension  =   55, 000 1%  (380  MN/m^) 

(e.Y)v=o  =  12%  corresponding  strain  (8.80) 

/■    _  M  _  f  A-.vi     6     _  ptrx 
J°  ^  Z  ^      12     xifi  ~    2f- 

Assuming  this,  since  stress-strain  curve  is  not  linear 

/„  =  limiting  stress  =  60,000  psi  (415  MN/m^) 
Failure  strain  25-28%  (25%  taken) 

(/,-),.  =  55, 000  -  855x  -  7t(4220)lb/in-,  (8.81) 


(8.82) 


(8.83) 
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Considering  25%  strain 

13x' 


e,  >   25 


4.5 


fj,= 60,000 

^1,(25%) 


56,140 


4.5"" 


-X  axis  (fj 


Ratio  proportion 


A.x> 


25x- 


2.89.t2"''^-^ 


1 


olioo^' 


A.Y>  0.847  X  2 

i.e.  A.\'>  1.694  (Iience  1.8  is  equivalent  reasonable) 
With  14.3  value  of  p^  for  x\  =  8f  (207mm) 


■12.1875 
/4.0625 


(•4,1)023  (•  12. 18/3 

A.Y  ==  2  /  e.x  dx  +  2  /  e.v  dx  ^  1.35" (4.29  mm)(crack  width) 

Jo  J4.0625 


Note:  The  value  of  the  14.3  t  from  standard  tests  on  anchors  by  Nelson 
company  on  5/8"  size  studs.  If  12.7  tons  anchor  value  is  taken,  the  value  of 
A.T  will  reach  about  2". 

If  ideaHsed  stress-strain  curve  is  used  with  friction  stress  in  A-direction  =  Z^- 


Wu  ^fyt  or  f,t 

fx  =  [Wu  -  l-lPx]   X 


1" 

xi  =  8-  (207  mm) 
8 

1 


-'^1/2  =/'i  =  Half  spacing  =  4.0625 
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A.\-  =  2  /     —  (ir„  -  nPx)dx  E  =  27.9  x  10^  Ih/in} 

Jo     Et 


2 

Yt 


/o 

31 


vf„  =  60,000  X  0.75  =  45, 000(31  IMN/m^) 
0.1 7" (crack  width) 


The  most  valuable  consideration  is  friction  factor.  However,  idealised 
stress-strain  curve  is  definitely  meaningless  and  also  in  this  case  exact  value  of 
E  cannot  be  correctly  determined. 

The  liner  is  more  ductile  than  either  prestressing  strand  or  GK60  bar,  having 
elongation  twice  that  of  GK60  and  therefore  an  average  crack  width  of  1.57  in.  over 
which  the  liner  can  span  before  failure  against  25%  strain  is  a  reasonable  assess- 
ment. To  prove  this,  it  is  proposed  that  further  tests  on  liner  should  be  carried  out. 

Crack  width  =  1.57  in.  (40.  mm) 

8.2.1.16  Analysis  of  a  Single  Bar  Spanning  a  Crack  at  Ultimate  Load 

Major  cracks  are  formed  due  to  the  stress  in  concrete  exceeding  the  permissible 
stress  in  tension.  Concrete  on  the  edge  of  crack  and  to  a  distance  x  on  either  side 
of  it  will  become  progressively  ineffective  in  transmitting  the  force  from  the 
reinforcement  to  the  body  of  concrete  with  the  increase  of  the  force  in  steel  up  to 
the  ultimate  load. 

It  is  assumed  that  the  concrete  adjoining  the  crack  will  fail  in  the  manner 
shown  in  Fig.  8.13a,  c. 

Area  of  truncated  cone  on  which  spalling  is  assumed  to  take  place: 

A  =  nsa  =  ^(y  +  (^)  (8.84) 

cost/ 

where  a  =  (y  +  <\>) 

Tensile  force  in  concrete  developed  on  the  plane  of  weakness  just  before 
cracking  =  force  of  difference  in  the  bar. 

Let  concrete  fail  in  tension  when  the  tensile  stress  along  the  plane  of  failure  is 
'/t'  ie-  stress  in  concrete  in  the  direction  of  reinforcement  =/cos  0 

Tensile  force  in  concrete  on  the  area  of  conical  plane  of  weakness  just  before 
spalling  occurs 

=  T  =  Af,  sec  6  — >  comonent  of  the  force  parallel  to  the  bar  Af,       (8.85) 

For  'x'  bar  length  change  of  force 

fh  =  l<\>'{fsF=fy)  (8.86) 

For  maximum  crack  width  say  2"  with  y  —  x  tan  6 
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VESSEL  CONCRETE 
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Fig.  8.13  Analysis  based  on  a  single  bar  spanning  a  crack  at  ultimate  load 


Therefore,  for  GK60  bars  equating  these  forces 


^^(xtan0  +  (t))/,  ==^(|)^(100, 000 -60,000)  from  Fig.  8.15b       (8.86a) 


X- tan 0  +  A-cj)  -  lO,OOO-^cos0  =  O 


ff  =  500  psi  at  ultiinate 
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1" 
(b  =  1  -—size  6  —  k  —  60  bar 
4 

x^tan  0+1.25.T- 31.25  cos  0  =  0 

for  0  =  45° 
x^  +  1.25.\'-22.1  =0 

X  =  4.2" 

For  0  =  0  along  the  length  of  bar 

31.2523„ 


1.25 
The  assumptions  are  as  follows: 

(a)  No  external  compression  at  right  angle  to  the  bar. 

(b)  Effect  of  mechanical  anchorage  is  ignored. 

(c)  Failure  occurs  in  a  single  bar,  i.e.  all  bars  fail  over  maximum  crack  width. 

The  value  of  x  —  2.5"  bond  length  on  both  sides  is  just  about  all  right. 
Assume  still  the  stress  distribution  in  bar  at  ultimate  load  is  as  shown  in 
Fig.  8.13  having  a  bond  length  of  60"  (1500  mm)  minimum  on  both  sides  of 
the  crack,  i.e. 

minimum  bond  length  =  5'  —  0(1. 524  m) 

The  final  bond  stress  is 

-^  (60tan6  +  (^]f,  =  (^^/4(f,f  -  60, 000)  (8.87) 

cos  t^ 

0  =  0,^=  1.25 

60/;  =  (t)/4[40,000] 

/^  =  0.00521  X  40, 000 

=  208.4  psi>  allowable  bond  stress  180  psi 


Conclusion 


minimum  bond  length  =  5'  —  0  (1.52  hm) 
Maximum  crack  width  ~  2"  (50  mm) 
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ljGK60+  can  span  a  crack  of  2"  (50  mm)  and  hence  one  bar 
l^(30mm)ct)GK60  is  considered  a  minimum  requirement  for  a  crack  of  2" 
size  anywhere  in  vessel: 

stress  at  bond  distance 

X  =  60 


As  =  X  —  sectional  area ' 
The  force  in  the  tensile  reinforcement  at  a  distance  x  =  60"  from  the  crack 

(..Y=60 

F  =  fsF-p/As  /bdx  /?- perimeter  (8.88) 

Jo 

Bending  moment  is  constant  and  before  cracking  starts,  it  is  taken  up  partly 
by  the  steel  and  partly  by  concrete. 

/=  100,000-4/(t)/'A.x  (8.89) 

=  100,000-4/1.25  x208  x4x  60 
«60,000psio.k. 

Take  an  average  crack  width  at  ultimate  load  =  2"  =  50  mm. 
Since  all  theories  are  giving  identical  results,  for  example,  Brice  theory  is 
taken  into  consideration: 

L  -  between  boilers  =  391.179" 

Wmax  =  A  -fsF  where  A  =     ^^J'"  (8.90) 

j"'  EJh 

C3  =-;£■, (assumed)  =  30  x  lO'^psi  =  2.12  x  10'*kg/mm^ 

^(,3  =  42.2  kg/cm"  (max) 
fi,  —  bond  stress  (max) 

14.65  =  2  X  1.6x42.21^^ 
'-'^       ''■''      0.1085 


I  +  2J        135 
1=  1.365 
/*,„„,  =208.4  psi  «  14.65  kg/cm^ 
taking  60"  bond  length  as  discussed  above. 
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Notation 

H',  c|)  -  mm;  fi  -  %;  /;,,  f„,  -  kg/cm^;frf,  E,  -  kg/mm^ 

^  =  ^-2.12x1041  14.65  = '^•^^-^^" 
Therefore, 


50.8  =  «wx  =  0.68  X  10-*  ^/sF 

=  0.68  X  10-"*  x^42.2 

cj)  _  50.8  X  10-2 
Ji^       0.287 

(^  ~  31.8  mm 

H  =  0.00018% 

assumed  embedded  area  —  1.365  x  31.8  =  43.3 

Therefore 

%  area  of  steel  =  0.0018  x  43.3  =   0.08%  (minimum  through  out) 

Assuming  if  3  bars  are  used 

area  of  steel  =  0.25% 

Taking  12  x  240  embedded  area  across  the  barrel  thickness  (excluding 
shutters) 

steel  area  =  2880x0.0018   =   5.184  in^ 


1"  7 

using  1  —  (t)GK60  bars,  area  =  1.227  in 

total  bars  =    '        =  4.23  bars  (based  on  60, 000  psi  yield  strength) 

Since  crack  size  of  approx.  2"(50mm)  is  developed  at  ultimate  load  plastic 
range  is  considered  for  steel. 
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No.bars  =  ^^M*^  x  ^^  «  3  bars  GK601  —  cb  in  metric  3T30 
90,000      1.227  4^ 

Therefore,  where  crack  sizes  are  2" (50  mm)  width,  3  no.l  ^(|)GK60  bars  should 
be  embedded,  giving  minimum  50"(1270mm)  length  on  either  side. 


Chapter  9 

Concrete  Nuclear  Shelters 


9.1  Introduction 

There  is  increasing  current  concern  about  safety  from  nuclear  hazards,  includ- 
ing nuclear  blasts  and  radiation.  There  will  be  greater  involvement  in  protecting 
people  against  such  hazards.  A  nuclear  shelter  is  just  one  of  many  ideas  to 
protect  and  shield  a  person  from  the  effects  of  nuclear  explosions.  These 
structures  can  range  from  a  deep  buried  rigid  structure  to  a  concrete  framed 
box  covered  with  soil. 

The  vast  quantities  of  nuclear  energy  released  by  detonation  are  distributed 
approximately  in  the  following  way: 

Blast  and  shock  wave:  45% 
Light  and  heat  radiation:  35% 
Initial  nuclear  radiation:  5% 
Residual  radiation:  15% 

Secondary  effects  such  as  flooding  and  soil  Hquefaction  are  also  considered 
in  the  overall  safety  analysis  of  shelters.  Factors  which  affect  the  response  of 
shelters  to  air  blast  are  the  following: 

(a)  strength  and  mass 

(b)  structural  layout 

(c)  ductility 

The  airburst  from  an  atom  bomb  propagates  through  the  atmosphere  to 
great  distance  with  minimum  energy  losses.  On  the  other  hand,  in  an  under- 
ground burst  much  of  the  energy  is  absorbed  in  cratering  and  melting  of  the 
ground.  A  burst  occurring  above  30,000  m  is  known  as  an  airburst  provided  the 
fireball  at  maximum  brilliance  does  not  touch  the  surface  of  the  earth.  If  it 
touches,  it  becomes  a  'surface  burst'.  These  cases  together  with  their  loading 
conditions  are  described  in  this  section.  A  typical  concrete  shelter  design  for  a 
six-person  family  is  chosen  for  finite  element  analysis  using  the  five-parameter 
constitutive  law.  Analytical  results  show  agreement  with  those  provided  by  the 
various  codes. 
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9.2  Characteristics  of  the  Blast  Wave  in  Air 

Most  of  the  material  damage  from  an  airburst  (nuclear  weapon)  is  caused  mainly 
by  the  shock  (or  blast)  wave  which  accompanies  the  explosion.  The  majority 
of  structures  will  suffer  some  damage  from  air  blast  when  the  overpressure 
in  the  blast  wave,  i.e.  the  excess  over  atmospheric  pressure  (101.3  kN/m^  at 
sea  level),  is  about  3.5  kN/m^  or  more.  The  distance  to  which  this  overpressure 
level  will  extend  depends  on  the  yield  of  the  explosion  and  on  the  height  of  the 
burst. 

A  difference  in  air  pressure  acting  on  separate  surfaces  of  a  structure  pro- 
duces a  force  on  that  structure;  the  size  of  these  forces  is  dependent  on  the 
difference  between  ambient  air  pressure  and  the  overpressure.  The  maximum 
value  of  overpressure,  known  as  the  peak  overpressure,  occurs  at  the  front  of 
the  blast  wave. 

As  the  blast  wave  travels  in  the  air  away  from  its  source,  the  overpressure  at 
the  front  steadily  decreases,  and  the  pressure  behind  the  front  falls  off  in  a 
regular  manner.  After  a  short  time,  when  the  shock  front  has  travelled  a  certain 
distance  from  the  fireball,  the  pressure  behind  the  front  drops  below  that  of  the 
surrounding  atmosphere  and  a  so-called  'negative  phase'  of  the  blast  wave 
forms,  as  given  in  Fig.  9.1. 

For  the  curves  marked  fj  to  /4  the  pressure  in  the  blast  wave  has  not  fallen 
below  atmospheric  pressure,  but  on  the  curve  /5  it  is  seen  that  at  some  distance 
behind  the  shock  front  the  overpressure  is  below  that  of  the  original  atmosphere 
so  that  an  'underpressure'  exists. 

During  the  negative  (rarefaction  or  Suction)  phase  a  partial  vacuum  is 
produced  and  the  air  is  sucked  in,  instead  of  being  pushed  away,  as  it  is  when 
the  overpressure  is  positive. 

The  peak  values  of  the  underpressure  are  generally  small  compared  with  the 
peak  overpressures,  the  former  having  a  maximum  value  of  27.5  kN/m^  below  the 


Distance  from  explosion  (m) 
Fig.  9.1  Variation  of  overpressure  with  distance  at  successive  times 
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Fig.  9.2  Variation  of 
pressure  witli  time  at  a 
fixed  location 


ambient  pressure.  With  increasing  distance  from  the  explosion,  both  peak  values 
decrease,  the  positive  more  rapidly  than  the  negative,  but  they  do  not  approach 
equality  until  the  peak  pressures  have  decayed  to  a  very  low  level  (Fig.  9.2). 

For  a  short  interval  after  the  detonation,  point  1 ,  there  will  be  no  increase  in 
pressure  since  it  takes  the  blast  wave  some  time  to  travel  the  distance  from  the 
point  of  explosion  to  the  given  location.  Point  2  indicates  the  time  of  arrival  of 
the  shock  front;  a  strong  wind  commences  to  blow  away  from  the  explosion. 
This  is  often  referred  to  as  a  'transient'  wind,  as  its  velocity  decreases  fairly 
rapidly  with  time. 

Following  the  arrival  of  the  shock  front  the  pressure  falls  rapidly,  and  at  the 
time  corresponding  to  point  3  it  is  the  same  as  that  of  the  original  atmosphere. 
Although  the  overpressure  is  now  zero,  the  wind  will  continue  in  the  same 
direction  for  a  short  time.  The  interval  from  points  2  to  3  (roughly  2-A  s  for  a 
1  megaton  explosion)  represents  the  passage  of  the  positive  (or  compression) 
phase  of  the  blast  wave.  It  is  during  this  interval  that  most  of  the  destructive 
action  of  the  airburst  will  be  experienced. 

As  the  pressure  in  the  blast  wave  continues  to  decrease,  it  sinks  below  that  of 
the  surrounding  atmosphere.  In  the  time  interval  from  point  3  to  point  5,  which 
may  be  several  seconds,  the  negative  (or  suction)  phase  of  the  blast  wave  passes 
the  given  location.  For  most  of  this  period  the  transient  wind  blows  towards  the 
explosion.  As  the  negative  phase  passes,  the  pressure  at  first  decreases  below 
ambient  and  then  increases  towards  that  of  the  ambient  atmosphere  which  is 
reached  at  the  time  represented  by  point  5.  The  blast  wind  has  then  effectively 
ceased  and  thedirect  destructive  action  of  the  airblast  is  over. 


9.2.1  Dynamic  Pressure 

Although  the  destructive  effects  of  the  blast  wave  are  usually  related  to  values  of 
the  peak  overpressure,  there  is  another  quantity  of  equivalent  importance  called 
the  'dynamic  pressure'. 

The  dynamic  pressure  is  proportional  to  the  square  of  the  wind  velocity  and 
to  the  density  of  the  air  behind  the  shock  front.  For  very  strong  shocks  the 
dynamic  pressure  is  larger  than  the  overpressure  but  below  480  kN/m^  (4.7 
atmospheres)  overpressure  at  sea  level;  the  dynamic  pressure  is  smaller.  The 
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peak  overpressure  dynamic  pressure  decreases  with  increasing  distance  from  the 
explosion  centre,  although  at  a  different  rate. 

Some  indication  of  the  corresponding  values  of  peak  overpressure,  peak 
dynamic  pressure  and  maximum  blast  wind  velocity  for  an  ideal  shock  front 
in  air  at  sea  level  are  given  in  Table  9.1. 

Table  9.1   Overpressure,  dynamic  pressure,  and  wind  velocities,  in  air  at  sea  level  for  an  ideal 
shock  front 


Peak  overpressure,  KN/M" 

Peak  dynamic  pressure,  KN/M" 

Maximum  wind  velocity. 

(atoms) 

(atoms) 

Km/h 

1378(13.78) 

2274  (22.74) 

3347 

1034(10.34) 

1537(15.37) 

2860 

689  (6.89) 

848  (8.48) 

2275 

496  (4.96) 

551  (5.51) 

1883 

345  (3.45) 

275  (2.75) 

1512 

207  (2.07) 

110(1.10) 

1078 

138(1.38) 

55  (0.55) 

756 

69  (0.69) 

15(0.14) 

467 

34  (0.34) 

5  (0.05) 

257 

14(0.14) 

0.7  (0.007) 

97 

When  the  shock  front  reaches  a  given  point,  both  the  overpressure  and  the 
dynamic  pressure  increase  almost  immediately  from  zero  to  their  maximum 
values  and  then  decrease.  The  dynamic  pressure  (and  wind  velocity)  wiU  fall  to 
zero  some  what  later  than  the  overpressure  because  of  the  momentum  of  the  air 
in  motion  behind  the  shock  front,  but  for  the  purposes  of  estimating  damage  the 
difference  is  not  significant.  During  the  negative  (suction)  phase  of  the  blast 
wave  the  dynamic  pressure  is  very  small  and  acts  in  the  opposite  direction. 


9.2.2  Arrival  Time  and  Duration 

There  is  a  finite  time  interval  required  for  the  blast  wave  to  move  out  from  the 
explosion  centre  to  any  particular  location.  This  time  interval  is  dependent 
upon  the  energy  yield  of  the  explosion  and  the  distance  involved.  At  1.6  km 
from  a  1  megaton  burst,  the  arrival  time  would  be  about  4  s.  Initially,  the 
velocity  of  the  shock  front  is  quite  high,  many  times  the  speed  of  sound,  but  as 
the  blast  wave  progresses  outwards,  so  it  slows  down  as  the  pressure  at  the  front 
weakens.  Finally,  at  long  ranges,  the  blast  wave  becomes  essentially  a  sound 
wave  and  its  velocity  approaches  ambient  sound  velocity. 

The  positive  phase  duration  is  shortest  at  close  ranges  and  increases  as  the 
blast  wave  moves  outwards.  At  1.6  km  from  a  1  megaton  explosion,  the 
duration  of  the  positive  phase  of  the  blast  is  about  2  s.  The  period  of  time 
over  which  the  positive  dynamic  pressure  is  effective  may  be  taken  as  essentially 
the  positive  phase  of  the  overpressure. 
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P  =  incident  overpressure 
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negative  phase 


Fig.  9.3  Variation  of  overpressure  with  time  at  fixed  location 


9.2.3  Reflection  of  the  Blast  Wave  at  a  Surface 

When  the  incident  blast  wave  from  an  explosion  in  air  (Fig.  9.3)  strikes  a  more 
dense  medium,  such  as  the  Earth's  surface,  either  land  or  water,  it  is  reflected. 

When  such  reflection  occurs,  an  object  precisely  at  the  surface  will  experience 
a  pressure  increase,  since  the  reflected  wave  is  formed  instantaneously  the  value 
of  the  overpressure  thus  experienced  at  the  surface  is  generally  considered  to  be 
entirely  a  reflected  pressure.  In  the  region  near  ground  zero,  this  total  reflected 
overpressure  will  be  more  than  twice  the  value  of  the  peak  overpressure  of 
incident  blast  wave. 

There  are  two  important  destructive  aspects  of  the  blast  wave  involved 
reflection: 

(i)  Only  a  single  pressure  increase  is  experienced  in  the  Mach  region  below  the 
triple  point  as  compared  to  the  separate  incident  and  reflected  waves  region 
of  regular  reflection. 

(ii)(a)  Since  the  Mach  stem  is  nearly  vertical,  the  accompanying  blast  wave 
travelling  in  a  horizontal  direction  at  the  surface, 
(b)  The  transient  winds  are  approximately  parallel  to  the  ground,  thus,  the 
Mach  region,  the  blast  forces  on  aboveground  structures  other  objects 
are  directed  nearly  horizontally,  so  that  vertical  surfaces  are  loaded  more 
intensely  than  horizontal  surfaces. 


9.2.4  Blast  from  a  Surface  Burst 

In  a  surface  explosion,  the  front  of  the  blast  wave  in  air  is  hemispherical  in 
(Fig.  9.4),  there  is  no  region  of  regular  reflection,  and  all  objects  and  on  the 
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Dnj  -direction  normal 
to  reflecting  pressure 


height 
of  burst 


Fig.  9.4  Blast  wave  from  a  contact  burst 

Structures  on  the  surface,  even  close  to  ground  zero,  are  subjected  to  air  blast 
similar  to  the  Mach  region  below  the  triple  point  of  an  airburst. 

The  diameter  of  the  rupture  zone  D,.  is  1  .SD,,;  the  overall  diameter,  including 
the  Da  is  2Z)„;  and  the  height  of  the  lip  H^  is  Q.25H^. 

The  dependence  of  crater  radius  and  crater  depth  upon  the  depth  of  burst  for  a 
1  kiloton  explosion  in  dry  soil  is  shown  in  Fig.  9.5.  Also  shown  are  the  range  of . . . 
dimensions  possible  from  a  surface  burst  to  the  approximate  maximum  for  an 
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Fig.  9.5  Crater  versus  yield  (courtesy  of  US  Airforce) 
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underground  burst,  for  any  explosion  energy  yield  from  1  kiloton  to  10  megatons. 
Therefore  a  1  megaton  blast  wave  front  may  be  assumed  to  be  vertical  for  most 
structures,  with  both  overpressure  and  dynamic  pressure  decaying  at  different 
rates  behind  the  blast  wave  as  previously  stated. 

All  the  above  descriptions  are  based  on  an  ideal  blast  wave  in  ideal  atmo- 
spheric conditions:  unfortunately,  nothing  is  perfect,  especially  meteorological 
conditions,  which  can  greatly  alter  the  expected  performances  of  explosions, 
either  increasing  them  or  decreasing  them. 


9.2.5  Ground  Shock  from  Air  Blast 

Another  aspect  of  the  blast  wave  problem  is  the  possible  effect  of  an  airburst 
on  underground  structures  as  a  result  of  the  transfer  of  some  of  the  blast  wave 
energy  into  the  ground.  A  minor  oscillation  of  the  surface  is  experienced  and  a 
ground  shock  is  produced.  The  strength  of  the  shock  at  any  point  is  deter- 
mined by  the  overpressure  in  the  blast  wave  immediately  above  it.  For  large 
overpressures  with  long-positive  phase  duration,  the  shock  will  penetrate 
some  distance  into  ground;  but  blast  waves  which  are  weaker  and  of  shorter 
duration  are  attenuated  more  rapidly.  The  major  principal  stress  in  the  soil 
will  be  nearly  vertical  and  about  equal  in  magnitude  to  the  air  blast 
overpressure. 

For  high  airbursts  where  relatively  large  blast  pressures  are  not  expected  at 
ground  level,  the  effects  of  ground  shock  induced  by  the  air  blast  will  be 
negligible,  but  if  the  overpressure  at  the  surface  is  large  there  may  be  damage 
to  buried  structures.  However,  even  if  the  structure  is  strong  enough  to  with- 
stand the  effect  of  the  ground  shock,  the  sharp  jolt  resulting  from  the  impact  of 
the  shock  front  can  cause  injury  to  occupants  and  damage  to  loose  equipment. 


9.2.6  Technical  Aspects  of  a  Blast  Wave 

The  basic  relationships  among  the  properties  of  a  blast  wave  having  a  sharp 
front  at  which  there  is  a  sudden  pressure  discontinuity,  i.e.  a  true  shock  front, 
are  given  in  Tables  9.2-9.5  and  Fig.  9.5  respectively. 


9.2.7  Air  Blast  Loading  and  Target  Response 

The  behaviour  of  an  object  or  structure  exposed  to  the  blast  wave  from  a 
nuclear  explosion  may  be  considered  under  two  main  headings. 

1.  Loading,  the  forces  which  result  from  the  action  of  that  pressure. 

2.  Response  or  distortion  of  the  structure  due  to  the  particular  loading. 
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Table  9.2   Blast  loadings" 

Pdo  =  peak  dynamic  pressure 

Uo  =  velocity  of  the  shock  front 

Ps  =  overpressure  at  time 

/  =  time  after  detonation  of  yield  ">•' 

?dd  =  delayed  time  (dynamic) 

tip  =  duration  of  dynamic  overpressure 


[/o[C/s=  1117  X  ^/l+6pso/^Po 
Po  =  atmospheric  pressure  =  14.7 
Pr  =  reflected  pressure  =  2pc '  — '  ^  ''" 


102.9+/),o 

?c  =  clearing  time  of  the  reflection  effect 

=  3a-  height  of  the  reflecting  surface  above  ground/ [/q 

ScaKng  laws  (for  two  bombs) 

i?2  =  R\{y2lyi)         R,R[,R2  =  radii  or  distances  from  explosions 

'dd  =  ?dp(;'2/>'i)'''' 

Reference  should  be  made  to  Fig.  IX.  163  for  other  details 
Additional  loadings 

|^  =  3.2xlO^/?-Vl-(i^)^x(«^) 

1/3/ i80[i+(o.oi;;)^]'' 


time  in  seconds  =  /dp  =  {)') 


f  (^/40)-yi+(^/285)'  v'l+0.0002/; 


IMt :  Pso  =  201bf/in'  -^  7100/? 

1  i?2         /0.5\- 

2^'^7100-U 

Therefore 

Ri  =  5650  ft 

(Note:  1ft  =  0.3048  m.) 

As  a  general  rule,  response  may  be  taken  to  be  synonymous  with  damage,  since 
permanent  distortion  of  a  sufficient  amount  will  impair  the  usefulness  of  a  structure. 

Direct  damage  to  structures  attributable  to  air  blast  can  take  various  forms; 
the  blast  may  deflect  structural  steel  frames,  collapse  roofs,  dish-in  walls, 
shatter  panels  and  break  windows. 

9.2.7.1  Loading 

(a)  Diffraction  Loading 

When  the  front  of  an  air  blast  wave  strikes  the  face  of  a  building,  reflection 
occurs.  As  a  result  the  overpressure  builds  up  rapidly  to  at  least  twice  that  in  the 
incident  wave  front;  the  actual  pressure  attained  is  determined  by  various 
factors,  such  as  the  peak  overpressure  of  the  incident  wave  and  the  angle 
between  the  direction  of  motion  of  the  wave  and  the  face  of  the  building.  As 
the  wave  front  moves  forward,  the  reflected  overpressure  on  the  face  drops 
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Table  9.4   Blast  loads  on  shallow  buried  surface  shelters 


Shallow  buried 

Member 

In  dry  ground 

High  water  level 

Surface 

Roof  and  floors 
Walls 

Pso 

0.5  P,o 

Pso 
Pso 

Pso 

Pso  =  overpressure 

Dead  loads,  soil  and  water  loads  should  be  added  to  the  blast  loads  given  above. 


Table  9.5   Generalised  data  in  relation  to  loads 

1-megatonburst  at  a  distance  of  1.6  km  (1  mile)  from  ground  zero 

Velocity  of  shock  front  0.500  m 

Ductility  ratio  /.i  =  5 

Maximum  allowable  time  =0.15  s 

Where  applicable,  drag  coefficients:  roof  =  —0.4,  wall  =  +0.9 

Yield  strength  of  steel  reinforcement  =410  or  425  N/mm^ 

/cu  (dynamic)  =  1.25/cu  (static) 

Py  (dynamic)  =  1.10  Py  (static) 

Main  reinforcement  ^  0.25%  hd(h  =  width  of  section,  d  =  effective  depth  of  section) 

Secondary  reinforcement  ^i  0.1  5  W 

The  ultimate  shear  stress  ^  0.04/ci, 

The  dynamic  shear  stress  for  mild  steel  J^  1 . 1 72  N/mm^ 

Bolts  should  be  black  bolts  to  BS  4190 

Allowable  dynamic  stresses: 

Bolts:  tension  275  N/mm" 

shear  170N/mm^ 


bearing  410 

Welds:  tension/compression  274  N/m^ 

Shear  170N/mm- 


rapidly  to  that  produced  by  the  blast  wave  without  reflection,  plus  an  added 
drag  force  due  to  the  wind  (dynamic)  pressure.  At  the  same  time  the  air  pressure 
wave  bends  or  'diffracts'  around  the  structure  so  that  the  structure  is  eventually 
engulfed  by  the  blast  (Fig.  9.7)  and  approximately  the  same  pressure  is  exerted 
on  the  side  walls  and  the  roof. 

The  front  wall,  however,  is  still  subject  to  wind  pressure,  although  the  back 
wall  is  shielded  from  it. 

The  pressure  differential  between  the  front  and  back  faces  will  have  its  max- 
imum value  when  the  blast  wave  has  not  yet  completely  surrounded  the  structure. 
In  this  case,  such  a  pressure  differential  will  produce  a  lateral  (or  translational) 
force,  tending  to  cause  the  structure  to  deflect  and  thus  move  bodily,  usually  in 
the  same  direction  as  the  blast  wave.  This  force  is  known  as  the  'diffraction 
loading'  because  it  operates  while  the  blast  wave  is  being  diffracted  around  the 
structure.  The  extent  and  nature  of  the  actual  motion  will  depend  upon  the  size, 
shape  and  weight  of  the  structure,  and  how  firmly  it  is  attached  to  the  ground. 

When  the  blast  wave  has  engulfed  the  structure,  the  pressure  differential  is  small, 
and  the  loading  is  almost  entirely  due  to  the  drag  pressure  exerted  on  the  front  face. 
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Fig.  9.6  Megaton  weapon 
curves  (US  Department  of 
Defence  and  Atomic  Energy 
Commission).  For  all  other 
weapon  yields  Table  9. 1 
should  be  used.  For  example 
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The  actual  pressures  on  all  faces  of  the  structure  are  in  excess  of  the  ambient 
atmospheric  pressure  and  will  remain  so,  although  decreasing  steadily,  until  the 
positive  phase  of  the  blast  wave  has  ended,  thus  the  diffraction  loading  on  a 
structure  without  openings  is  eventually  replaced  by  an  inwardly  directed  pressure. 

The  damage  caused  during  the  diffraction  stage  will  be  determined  by  the 
magnitude  of  the  loading  and  by  its  duration.  The  loading  is  related  to  the  peak 
overpressure  in  the  blast  wave  and  this  consequently  is  an  important  factor.  If 
the  structure  under  consideration  has  no  openings,  as  has  been  assumed  for  this 
discussion,  the  duration  of  the  diffraction  loading  will  be  very  roughly  the  time 
required  by  the  wave  front  to  move  from  the  front  to  the  back  of  the  building, 
although  wind  loading  will  continue  for  a  longer  period. 

If  the  building  exposed  to  the  blast  wave  has  openings,  or  if  it  has  Windows, 
panels,  light  sidings  or  doors  which  fail  in  a  very  short  space  of  time,  there  will 
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Fig.  9.7  Stages  in  diffraction  (plan  view)  without  openings  (Courtesy  of  US  Department  of 
Defence  and  Atomic  Energy  Commission) 


be  a  rapid  equalisation  of  pressure  between  the  inside  and  the  outside  of  the 
structure.  This  will  tend  to  reduce  the  pressure  differential  while  diffraction  is 
taking  place.  The  diffraction  loading  on  the  structure  as  a  whole  will  thus  be 
decreased,  although  the  loading  on  interior  waUs  and  partitions  will  be  greater 
than  for  essentially  closed  structures.  Furthermore,  if  the  building  has  many 
Openings  after  the  diffraction  stage,  the  subsequent  squeezing  (crushing) 
action,  due  to  the  pressure  being  higher  outside  than  inside,  will  not  occur. 


9.2.7.2  Loading  Due  to  Drag 

During  the  whole  of  the  overpressure  positive  phase,  a  structure  will  be  sub- 
jected to  the  dynamic  pressure  loading  or  drag  loading  caused  by  transient 
winds  behind  the  blast  wave  front.  Like  the  diffraction  loading,  the  drag 
loading,  especially  in  the  Mach  region,  is  equivalent  to  a  lateral  (air  transla- 
tional)  force  acting  upon  the  structure. 


9.2.7.3  Loading  Versus  Structural  Characteristics 

There  are  basically  two  types  of  building  when  considering  blast  wave  loading: 

(1)  Diffraction  type 

(2)  Drag  type 

As  these  names  imply,  in  a  nuclear  explosion,  the  former  would  be  affected 
mainly  by  diffraction  loading  and  the  latter  by  drag  loading.  While  it  is  true  that 
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some  structures  will  respond  mainly  to  diffraction  forces  and  others  mainly  to 
drag  forces,  all  such  buildings  wiU  respond  to  both  types  of  loading. 

A  diffraction  type  building  is  one  that  is  primarily  sensitive  to  the  peak 
overpressure  in  the  shock  wave,  e.g.  reinforced  concrete  buildings  with  small 
window  area  and  large  wall-bearing  structures. 

When  the  pressures  on  different  areas  of  a  structure  are  quickly  equalised, 
because  of  its  small  size,  the  characteristics  of  the  structure  or  the  rapid  forma- 
tion of  numerous  openings  by  the  action  of  blast,  the  diffraction  forces  operate 
for  a  very  short  time.  The  response  of  the  structure  is  then  mainly  due  to  the 
dynamic  pressures  (or  drag  forces)  of  the  blast  wind,  e.g.  for  telephone  poles, 
radio  and  television  transmitter  towers,  and  tall  chimneys. 


9.3  Introduction  to  Codified  Design 

This  section  is  devoted  to  the  analysis  and  design  of  reinforced  concrete  nuclear 
shelters.  Calculations  are  given  for  a  particular  study  using  both  the  British  and 
American  codes.  Details  are  also  given  in  this  section  regarding  the  Swedish 
Civil  Defence  Administration  Code. 


9.3.1  US  Code  Ultimate  Strength  Theory:  General  Formulae 

Figure  9.8  shows  cracking,  crushing  and  disengagement  cases  recommended  in 
successive  ACI  building  codes. 

9.3.1.1  General  Equation:  Ultimate  Static  Moment  Capacity 

Cross-Section  Type  I 

(1)  The  ultimate  unit  resisting  moment  M^  of  a  rectangular  section  of  width  b, 
with  tension  reinforcement  only,  is  given  by 

M,,  =  {A,f,/b){d-al2)  (9.1) 

where  A^  =  area  of  tension  reinforcement  within  the  width  b 

/s  =  static  design  stress  for  reinforcement 

d  =  distance  from  the  extreme  compression  fibre  to  the  centroid  of 

tension  reinforcement 
a  =  depth  of  equivalent  rectangular  block  =  Asfs/0-S5bf[! 
b  =  width  of  compression  face 
/J  =  static  ultimate  compressive  strength  of  concrete. 

The  reinforcement  ratio  p  is  defined  as 

P  =  Ajbd  (9.2) 
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Fig.  9.8  Reinforced  concrete  cross-section 


T. 


(2)  To  ensure  against  sudden  compression  failures, ;;  must  not  exceed  0.75  of 
the  ratio  Pb.  which  produces  balanced  conditions  at  ultimate  strength  and  is 
given  by 


Pb  -  (0.85y<:i /;//,)  [87  000/(87  000 +./;)] 


(9.3) 


where  K\  ~  0.85  for  ft  up  to  4000  psi  and  is  reduced  by  0.05  for  each  1000  psi 
in  excess  of  4000  psi. 
(3)  For  a  rectangular  section  of  width  h  with  compression  reinforcement,  the 
ultimate  unit  resisting  moment  is 


Mu  = 


:)././/>]  (rf-«/2)  +  (^;/,/ft)(, 


d—  d 


(9.4) 


where  X^  =  area  of  compression  reinforcement  with  in  the  width  b, 

d '  =  distance  from  the  extreme  compression  fibre  to  the  centroid  of  com- 
pression reinforcement, 
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Table  9.6   Reinforcement  for  one-and  two-way  elements 


Pressure  design 

range 

Reinforcement 

Two-way  elements 

One-way  elements 

Intermediate 

Main 

As  =  0M25bd 

As  =  0.0025M 

and  low 

Other 

As  =  OmiSbd 

As  +  A[  =  0.00206  r. 

High 

Main 

As  =  A's  =  0.0025hd, 

As  =  A's  =  0.0025M, 

Other 

As  =  A'^  =  Q.OOlShd; 

As  =  A'^  =  O.QOlShd; 

*But  not  less  than  As/4  used  in  the  main  direction  (see  Fig.  9.9  for  coefficients) 
a  =  depth  of  the  equivalent  rectangular  stress  block: 

(^,  -  ^;),/s/0.85/>/;  (9.4a) 

The  minimum  area  flexural  reinforcement  is  given  in  Table  9.6. 

9.3.1.2  Ultimate  Static  Shear  Capacity 

Diagonal  Tension 

(1)  The  ultimate  shear  stress  u^,  as  a  measure  of  diagonal  tension,  is  computed 
for  type  1  sections  from 

Uu  -  Vjbd  (9.5) 

and  for  type  II  and  III  sections  from 

>^u  =  V^/bd,  (9.6) 

where  V^  is  the  total  shear  on  a  width  b  at  the  section  a  distance  d  (type  I)  or 
dc  (type  II  and  III)  from  the  face  of  the  support.  The  shear  at  sections 
between  the  face  of  the  support  and  the  section  d  or  c4  therefor  need  not  be 
considered  critical. 

(2)  The  shear  stress  permitted  on  an  unreinforced  web  is  limited  to 


Vc  = 


1.9v^  +  2500;;    <2.2'&(j>y/fl  (9.7) 


where  (f)  is  the  capacity  reduction  factor  and  is  equal  to  0.85  for  all  sections. 
(3)  When  the  ultimate  shear  capacity  iiu>tic  shear  reinforcement  must  be 
provided.  When  stirrups  are  used,  they  should  be  provided  for  a  distance 
d  beyond  the  point  theoretically  required,  and  between  the  face  of  the 
support  and  the  cross-section  at  a  distance  d.  The  required  area  for  stirrups 
for  type  I  cross-sections  is  calculated  using 

^v  =  [(i^u  -  Uc)/)s'Vs]/[#s(sin  a  +  cos  a)]  (9.8) 

while  for  cross-sections  conforming  to  types  I,  II  and  III,  the  required  area 
of  lacing  reinforcement  is  calculated  and  shown  in  Fig.  9.10. 

^v  =  [(uu  -  Uc)/;i>vi]/[#s(sin  a  +  cos  a)]  (9.9) 


566 


9     Concrete  Nuclear  Shelters 


0.004  0-008  0.012  0.016  0.0  20 

Rainforcement  ratio  p  =  AJbd 

Fig.  9.9  Coefficient  for  the  moments  of  inertia  of  cracked  sections  with  tension  reinforcement 
only  (courtesy  of  ACI) 


#9@10 
(vert) 

#8@11 
(horizj 


#8@11(horiz) 


(a  I  (b) 

Fig.  9.10  Designs  of  lacings:  (a)  vertical  and  (b)  horizontal 
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where  A^  —  total  area  of  stirrups  or  lacing  reinforcement  in  tension  within  a 
width  bs,  b\  and  distance  .Vg  or  .V| 

(uu  —  iJc)  excess  shear  stress 

bf,  =  width  of  concrete  strip  in  which  the  diagonal  tension  stresses  are  resisted 

by  stirrups  of  area  A^ 
b\  =  width  of  concrete  strip  in  which  the  diagonal  tension  stresses  are  resisted 

by  lacing  of  area 
5s  =  spacing   of  stirrups   in   the   direction   parallel   to    the   longitudinal 

reinforcement 
5|  =  spacing    of   lacing    in    the    direction    parallel    to    the    longitudinal 

reinforcement 
a  =  angle  formed  by  the  plane  of  the  stirrups  or  lacing  and  the  plane  of  the 

longitudinal  reinforcement 

The  excess  shear  stress  u^  —  v^  is  as  follows. 


Excess  shear  stress  Uu  —  Uc 
Limits  stirrups  Lacing 

Cu  <  Uc                                                                   0  Uc 

Cc  <  Uu  <  2Uc                                                       Uu  —  Uc  Uc 

"u  >  2Uc Uu  -  Uc Uu  -Uc 

The  ultimate  shear  stress  v^  must  not  exceed  10(/)-^/^'  in  sections  using 
stirrups.  In  sections  using  lacing  there  is  no  restriction  on  Uu  because  of  the 
continuity  provided  by  this  type  of  shear  reinforcement. 

Wherever  stirrups  are  required  (uu  >  Us),  the  area  A^  should  not  be  less  than 
O.OOlSfes  and  for  type  111  rectangular  sections  of  width  b: 

M,,  =  A,f,d,/b  (9.10) 

where  A^  =  area  of  tension  or  compression  reinforcement  within  the  width  b; 
dc   —  distance  between  the  centroids  of  the  compression  and  the  tension 
reinforcement 
The  reinforcement  ratios  p  and  p'  are  given  by 

p=p'  =  A,/bd  (9.11) 

The  reinforcement  ratio  p'  is  given  by 

p'  =  A'Jbd  (9.12) 
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Equation  (9.11)  is  valid  only  when  the  compression  steel  reaches  the  value /s 
at  ultimate  stress,  and  this  condition  is  satisfied  when 


Cross-Section  Types  II  and  III. 

(1)  The  ultimate  unit  resisting  moment  of  type  II. 

9.3.1.3  Modulus  of  Elasticity 

Concrete. 

The  modulus  of  elasticity  of  concrete,  E^,  is  given  by 

£■0  ^  u''533v/7^psi  (9.14) 

The  value  of  ii',  the  unit  weight  of  concrete,  Ues  between  90  and  155  lb/ft'. 

Reinforcing  Steel. 

The  modulus  of  elasticity  of  reinforcing  steel,  E^,  is 

£s  =  30x  10  Vi  (9.15) 

Modular  Ratio. 

The  modular  ratio,  n,  is  given  by 

n  =  EjE,  (9.16) 

and  may  be  taken  as  the  nearest  whole  number. 

9.3.1.4  Moment  of  Inertia 

The  average  moment  of  inertia,  '4',  to  be  used  in  calculating  the  deflection  is 

/a=(/g  +  /c)/2  (9.17) 

where  '/g'  is  the  moment  of  inertia  of  the  gross  concrete  cross-section  of  width  b 
about  its  centroid  (neglecting  steel  areas)  and  is  equal  to 

k^hTlin  (9.18) 
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and  /c  is  the  moment  of  inertia  of  the  cracked  concrete  section  of  width  b 
considering  the  compression  concrete  area  and  steel  areas  transformed  into 
equivalent  concrete  areas  and  computed  about  the  centroid  of  the  transformed 
section.  L  is  calculated  from 


Fbd^ 


(9.19) 


The  coefficient  F  varies  as  the  modular  ratio  n  and  the  amount  of  reinforce- 
ment used.  For  sections  with  tension  reinforcement  only,  Fis  given  in  Fig.  9.9. 

9,4  Design  of  a  Concrete  Nuclear  Shelter  Against  Explosion 
and  Other  Loads  Based  on  the  Home  Office  Manual 

Figure  9. 11  shows  a  typical  layout  of  a  domestic  nuclear  shelter  for  a  family  of 

six. 


300    2400      300 
t — t ( — t— 


r 

B 


3000 


Sump 


Roof  plan 

3000 


600  300  1200  300  600 

♦ 4 — ♦ 1 — t 1 


500 
300 


B 


25  mm  steel  plate         300 
hatcti  door 


Sump 
/ 
~|  |300 

250 

500 


Waterproofing  ^, 

material  (Voclay) 


Floor  plan 
Fig.  9.11  Domestic  nuclear  shelter:  general  arrangement 
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9.4.1  Basic  Data  (Home  Office  Code) 


For  a  1  Mt  ground  burst  at  a  distance  of  1.6  km  from  ground  zero: 

DuctiUty  ratio,  /,(  :  5 

Main  reinforcement  :^0.25%bd 
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Secondary  reinforcement  ^''^0.15%^^? 

Ultimate  shear  stress  ?^0.04/cu 

Dynamic  sliear  stress  (mild  steel)  J^^  172  N  /mm^ 

Protective  factor:  4000 

Concrete /cu  (static):  30  N/mm'  (grade  30) 

Concrete /cu  (dynamic):  1.5f/cu  =  37.5  N/mm^ 

Reinforcement yiu  (static):  420  N/mm^ 

Reinforcement /cu  (dynamic):  1.10=  462  N/mm^ 

Young's  modulus,  E^:  20  GN/m^ 

Young's  modulus,  E,:  200  GN/m^ 

Clear  span:  3  m 

Slab  thickness:  300  mm  (with  minimum  cover  50) 

Blast  load:  0.17  N/mm^  Fx{t)  =  Pdo 


9.4.2  Additional  Data  for  Designs  Based  on  US  Codes 

Dynamic  increase  factors  (DIF) 
Concrete 

compression  1.25 

diagonal  tension  1.00 

direct  shear  1.10 

Reinforcement:        bending  1.10 

shear  1.00 

Dynamic  stresses: 
concrete/^'  (cylindrical  strength)  =  0.87f/cu 

=  30001b/in2(psi) 
concrete /y  (static)  =  60000  Ib/in^  (psi) 


1 
1 


i?ni  =  ''u  =  I  :, Y]Fi{t)  =  l.lFi(f)  =  0.187 N/mm^  (9.20) 


MO 


Deadload  of  concrete  plus  soil  =  0.014  N/mm^ 

ru  =  0.187  +  0.014  =  0.201  N/mm^ 

For  a  two-way  slab 

M„  =  ;■„  -  lV16  =  0.201(3000)Vl6  =  11, 3062.5  A^/w^V^m 

300  mm  thick  slab 

T16— 200  bars;  yl,  =  1005  ^^  :  fif  =  300  -  50  -  8  =  242 
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Note:  Later  on, 
based  on  finite- 
element  analysis, 
the  T20-200  bars 
adopted  were 
checked 


1.4     Design  of  a  Concrete  Nuclear  Shelter 

z  =  rf-(0.84/;d^//cu(dyn) 
=  242  -  (0.84(462)(1005)10-V37.5) 
=  231.58  mm 

Area  of  the  roof  =  9  m^  =  A,;  V^  ~  3m 

H     x  =  2.7  -  0.3  =  24  or  3.4  -  0.3  =  3.1 
^{Aj){H-X)  =  1.25  and  0.97 

Weight  of  overhead  material  =  1340  kg/m~ 
R  =  0.025%  (roof  contribution) 


PF=  100/(i?  +  GT) 
=  100/(0.025  +  0) 
=  4000  (safe) 

where  Gi  is  the  percentage  wall  contribution,  ignored  in  the  worst  case. 
Figure  9.12  gives  structural  details  of  the  reinforced  concrete  shelter. 

Steel  blast  doors 

Clear  opening  800  mm  x  1200  mm. 


Fid)  =  Pdo  =  2.3Pso  =  2.3(0.17)  = 

r,,  =  1.1  fi(t)  =  0.43  N/mm- 

Mu  (simply  supported)  0.43(800)^/8 

20  mm  thick  steel  door 


0.39  N/mm^ 
=  34,400  N/mm 


z  =  hcF/A  =  l(20')/4  =  100  mm^ 
Alsozp  =  Mu/ 1.1  (265)  ==118  mm^ 

Calculated  thickness  of  steel  doors  =  (118/100)20  =  23.6  25  mm 

A  25  mm  thick  door  was  adopted. 

The  thickness  of  the  glass  door  may  have  to  be  increased  for  protection 
against  radiation  fall-out.  One  possibility  is  a  steel-concrete  sandwich  construc- 
tion. One  possible  steel  door  design  is  given  in  Fig.  9.13  or  z  =  0.95(242) 
=  219.9  mm  k,  230  mm 

Walls:  300  mm  thick 

Blast  load  on  walls  =pdo  x  05  =  0.085  N/mm^ 

r„  =1.1  Fi(t)  =  1.1  (pdo)  =  0.0935  N/mm^ 

Total  (including  soil)  =  0.0935  +  0.08  =  0.1735  N/mm^ 


572 


T20-200 


T20-200 


T25-100  , 
T20-100- 


T16  Ubar- 


27T2S-200 
27T25-200 


9     Concrete  Nuclear  Shelters 

ini 

—  T20-200 

—  T20-200 

—  T16  Ubar 


T16  Ubar 


T16  Ubar 


T25-100 
T25-100 
T16  Ubar 


20T25-100T,B 


TieUbar 


15T20-200B 


3T16  Ubar 

T20-200B 
15T20-200T 


15T16-200B 
3T16-300  Ubar 


15T20-200T 


details  of  roof 
Section  A— A 

Fig.  9.12  Domestic  nuclear  shelter  (reinforcement  concrete):  detail 
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slot  access 
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symmetrical 
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at  bolt  fixing 
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draw  boUs 


W) 

Fig.  9.13  Design  of  steel  blast  doors,  (a)  Elevation;  (b)  vertical  section;  (c)  door  location; 
(d)  horizontal  section:  structural  details 
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Two-way  slab 

Mu  =  >\,L^/\6  ^  0.1735(2700)Vl6  =  79  050.941 


Both  walls  (2700  mm 
and  3400  mm) 


} 


also  Mu 


(3400)V(2700)^  (79  050.94) 
125  353.75  N  mm/mm  (adopted) 


Mu  =  125  353.75  ^  .4s(230)(462) 
.4s  =  1.18  mm^mm  =    llSOmm^w 

adopted  T20-200  (in  some  critical  areas  T20-100  and  T25-100) 
Shaft  wall  bars:  T12-200  hnks  T16-300  U-bars 
Minimum  steel: 

Main  -►  0.25%  x  1  x  242  =  0.605  mm-/mm  (605mmVni) 
1005mmVm>605(T16-200)  adopted 

Secondary  ->■  0.15%  x  1  x  242  =  0.363  mmVmm  (363mmVm) 
(T 16-200  or  300)  adopted 

Shear:  allowable  shear  =  0.04/cu  =  1.2  N/mm 
shear  =  ru[{L/2  —  d)/d] 

=  (2700/2- 242) /2700 
=  0.41<1.2A^/mm2(safe) 

or=  (3fO-242)/3400 
=  0.43  <  1.2  N/mm- 

Protective  factor  (PF)  in  the  middle  of  the  shelter  and  at  0.25-0.30  m  above 
the  floor  level. 

9.5  Design  of  a  Nuclear  Shelter  Based  on  the  US  Codes 

9.5.1  Introduction 

Many  codes  in  the  USA  have  empirical  equations  which  are  based  on  imperial 
units.  The  reader  is  given  the  conversions  in  SI  units.  However,  the  bulk  of  the 
calculations  given  here  are  based  on  imperial  units  (conversion  factors  shown 
below). 
Conversion  factors 

1  ft  =  0.3048  m;  1  Ib/ft^  =  47.88N/mm^ 
1  lb/=  4.448  N;  1  Ib/ft^  =  16.02  kg/mm^ 
1  lbin  =  0.113  Nm;  1kg  =  9.806  N; 
1  Ib/in^  =  6895  N/mm^l  in  =  25.4mm 
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Dynamic  stresses 

Concrete: 

Comp— 1.25(3000)  =  3750  psi 

Diagonal  tension— 1.00(3000)  =  3000  psi 

Direct  shear—  1.10(0.18)  (3000)  =  600  psi 

Reinforcement: 

Bending— 1.10(60,000)  =  66,000  psi 

Shear— 1.10(60,000)  =  60,000  psi 

since ,/^'  =  3000  psi  and/y(static)  =  60,000  psi. 


9.5.2   Wall  Design 

Figure  9.14  shows  a  one-way  slab  fully  restrained  at  the  supports. 

Wall  thickness  (Tc)  =  300  mm  (12  in)  (see  Fig.  9.14). 

The  US  recommended  covers  are  0.75  in.  and  1.5  in.  (37  mm)  rather  than 
50  mm  (adopted  by  the  Home  Office,  in  the  UK). 

For  a  negative  moment,  d=  12—  1.5  —  0.3125  =  10.1875  in.  (assuming  #  5 
bars).  For  a  positive  moment,  (i=  12  —  0.75  0.3125=  10.935  in. 


As  =  0.0025  X  12  X  10.935  =  0.328  in.' /ft 
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#5   bars   at    11    in   (275   mm),    ^^  =  0.34  >  0.328  in.-    the   wall   blast   load 
=  0.085  N/mm'  =  12.33  Ib/in^.  The  ultimate  moment  is  given  by 

M,,  =  {A,fyilb){d-al2) 

where  a  =  A,  /yd/0.85  bft{Ayn)  =  0.586 in. 

b=  12  in. 

Mu (positive)  =  A/j,  ==  19900  in.  -  lb/in. 
Mu(negative)   =  M^  =  18500in.  -  lb/in. 

Ecfor  concrete  =  D^'' {31,^1] 

=  (1501b/in^)'-^x  33(3000)^ 
=  3.32  X  106  psi 

p^  D  =  density  of  concrete  =  150  lb/in.''(23.6  kN/m^) 
E,  for  steel  =   30  x  10^  psi  (200  GN/nr) 
H  =  EJE,  =  9.03 

Average  moment  of  inertia  for  a  1  in.  strip. 

/g  (gross)  =bTl/l2^  144  in. ^ 

Tc  (thickness  of  the  wall)  —  d 

d  (average)  =  10.5625  in. 

;;  (average)  =  Ajbd^  0.00268  =  p, 

I  (cracked  section)  using  Fig.  2.1 

F'  =  0.0175;  /cracked  =  Ic  =  F' bd^  ^  20.6  in.4 

la  ~  average  moment  of  inerita  —  -^^  —  82.3  in."* 

Elastic  (Kf.)  and  elasto  —  plasto  (A^ep)  stiffness 

Ke  =  {3MEJ.,)/bL*  =  2441b/in.^^     b  =  1 

Kep  =  3MEJa)/5bL*  =  48.81b/in.3 

Elastic  and  elasto-plastic  deflection 

5,  =  X,  =  r,/Ke  ^  10.71/244  =  0.0439  in. 
8,„  =  Xp  -  X,  =  (r„  -  r,)/K,p  =  0.084  in. 
X;,  ==0.1279in. 

Equivalent  elastic  deflection  and  stiffness 

X^  =  X„  +  X„{\-rJr„) 

=  0.0793  in 
Ke^i-^/Xe^  1.86.8  Ib/in^^ 
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Load-mass  factors  and  effective  mass 
Fig.  9.14  gives 


^LM 

Range 

0.77 

elastic 

0.78 

Elasto-plastic 

0.66 

Plastic 

Xlm  (elastic  and  elasto-plastic)  =  0.78  (average) 
^LM  (elastic  and  plastic)  =  0.72  (average) 

M=pT,/g=  150x  1  X  10V32.3(1728) 
=  27001b -msVin.^^ 

Meffetive  =  -^^^LM  X  M  =  19441b  -  ms-/in.^ 
Natural  period  =  7n  =  ln^[MglKi,)  =  20.3  ms 

Where  g  =  32.2ft/s2;  kg  =  186.8 

Response  chart  parameters 

Reference  is  made  to  Fig.  9.15 

Peak  pressure  B  =  12.33  psi 

Peak  resistance  r  =  14.81  psi 

The  chart  B/r,,  =  0.8325  -►  T/T^  =  28/20.3  =  1.38 

Xm/X^  =  1-50  as  this  is  <  3  the  section  is  safe 

The  corresponding  t^/T^  —  0.50  — ►  ?m/'o  =  Un/T 

=  (W7'N)/(r/rN)- 0.50/1.38 
=  0.3623 

This  lies  within  the  range  3.0  >  ?ni/fo  >0.1,  hence  the  response  is  satisfactory. 
Diagonal  tension  at  a  distance  d from  the  support 

v„  =  ?\,[(L/2)  -  d,]/de  =  14.81(72  -  10.1875)/10.1875 
=  89.9  psi 

The  allowable  shear  stress,  Vc,  is  given  by 

V,  =  (/>[1.9y^  +  2500/j]  <  2.28(/.v//^ 

(Where  (/)  =  0.85) 

Vc=  94.4  psi,  as  this  is  >  89.9  psi,  OK  with  no  stirrups 

Ultimate  shear 

Vs  =  r^L/2.0  =  14.81  x  144/2.0  =  1066  lb/in 
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Fig.  9.15  Maximum  response  of  simple  spring-mass  system  (LU.S  Corpe  of  Engineer, 
Washington  DC) 
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Allowable  shear 

Vd  =  0.18,/;.(4'«)bd  =  60501b/in  >  10661b/iii 

Hence  the  300  mm  (12  in.)  wall  designed  against  the  same  blast  load  in  both 
codes  (British  and  US)  is  safe.  The  roof  slab  can  be  checked  in  the  same  way  as 
for  the  gas  explosion,  described  earlier  in  the  text. 

9.6  Lacing  Bars 

Design  of  lacing  bars 

Where  lacing  bars  are  needed,  the  following  calculations  will  help  in  the 
design  of  nuclear  shelters.  The  lacings  can  be  in  both  the  vertical  and  horizontal 
directions. 
Vertical  lacing  bars 

The  wall  thickness  is  kept  the  same.  Data:  d[=  10  in.  si  =  22  in.  no  of  bars  =  6; 
Do  =  0.75  in. 

<i;  =  21 +  1.13  +  2  +  0.75  ^2488 in. 

Re  =   3Z)o 

for  Si/ch  =0.884 

{2R,  +  Do)/d,  =  IDjd,  =  0.21 1 

L\  is  measured  along  the  centre  line  of  the  lacing  bar  between  points  a  and  b. 

L,  =  ■^•'-(^^-  +  ^°^""°'  +  .  {2R,  +  Do)  (4)  (9.21) 

cos  a  \180/ 


cos  a 


2B(1  -  B)  ±  J{2B(1  -  B)-  -  4(1  -  B)^  +  K\^^  -  A^) 


[2(1-B)Va2] 

.VI  1R  +  D, 

A  =  —  and  B  - 


d\  di 

a  =  51.5° 
A^  =  (vuv  -  Vc)fti5'i/fP/s(sina  +  cosa)  =  0.378  in^.  (9.22) 

A.rnm  =  0.0015  b\S\  =  0.330  in^;  «o.  of  bars  =  6;  /i^  =  0.44  inlO^ 

Horizontal  lacing  bars 

No.  of  bars  6;  £)o  =  0.75  in. 

4  =   21.0  +   1.13  +  0.7522.8  in. 
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for  sA  =  20/22.88  =  0.874 

{2Re  +  Do)/d\  =  lDjd\  =  0.229 
^,  =  0.339 /«l 
^vmin  =  0.0015  b\S\  =  0.0015  X  11  X  20  =  0.330  in^no  of  bars  =  6]  A^  =  0.44m^. 

Still  OK. 

Additional  reinforcement  details  from  the  British  code  are  given  in  Figs.  9.18 
and  9.24. 

When  a  ring  forced  concrete  element  is  subject  to  a  blast  load,  the  element 
deflects  far  beyond  the  stage  of  well-defined  cracking  until: 

(1)  The  strain  energy  of  the  element  is  developed  sufficiently  to  balance  the 
kinetic  energy  created  by  the  apphed  load  when  it  comes  to  rest. 

(2)  Fragmentation  of  the  concrete  element  results  in  either  its  partial  or  total 
collapse. 

For  the  development  of  the  available  energy  of  the  concrete  elements,  it  is 
necessary  to  make  changes  in  the  reinforcement  layouts  and  details.  Each 


Fig.  9.16  Length  of  lacing  bar 
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lacing 


main  reinforcement 
against  bending 


Fig.  9.17  Lacing  reinforcement 


element  is  reinforced  symmetrically.  The  reinforcement  and  the  intervening 
concrete  are  laced  together,  as  shown  in  Figs.  9.16  find  9.17  with  continuous 
bent  diagonal  bars.  This  system  offers  forces  which  will  contribute  to  the 
integrity  of  the  protective  element.  Where  structural  elements  are  located  out- 
side the  immediate  high  blast  intensity,  they  should  be  designed  without  lacing. 
All  other  types  are  given  in  Figs.  9.18,  9.19,  9.20,  9.21  and  9.22. 


horizontal 
lacing 


mam 

reinforcement 

against  J^       \  -^barrier 

bending 


vertical 
reinforcement 


floor  slab 


Fig.  9.18  Typical  laced  wall 


diagonal  shear  bars 
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of  splice  pattern 


0         ® 


BorD 


■  type  A 

type  B 
•  type  C 

type  D 

■  type  A 

type  B 


(b)  A  or  C  ' 

Fig.  9.19  Typical  details  for  splicing  of  lacing  bars:  (a)  splice  pattern;  (b)  lacing  splice 


flexural  reinforcement 


diagonal  corner  reinforcement 


Fig.  9.20  Typical  detail  at  intersection  of  two  continuous  walls 
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Fig.  9.21  Flextural  reinforcement  in  lacing 


9.7  Finite  Element  Analysis 


A  3D  isoparametric,  finite-element  analysis  has  been  carried  out  by  Bangash. 
Figure  9.25  shows  the  finite-element  mesh  scheme  for  a  dynamic  model  for  a 
nuclear  shelter.  Figure  9.26  gives  the  relationships  between  pressure  and  time. 
The  results  are  given  in  Fig.  9.27. 


9.7.1  The  Swedish  Design  and  Details 

The  Swedish  code  TB78E  provides  novel  details  of  the  nuclear  shelter.  They  are 
presented  here  by  courtesy  of  the  Civil  Defence  Administration  of  Sweden. 
Figures  9.28  and  9.29  show  structural  details  of  a  roof  slab  and  sectional  details 
illustrating  various  reinforcements. 


9.8  Damage  Classification 


Damage  to  structures  or  objects  above  ground  can  be  divided  into  three 
categories: 
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typical  bar  type 


flexural  or  bending  reinforcement 


Fig.  9.22  Typical  detail  at  intersection  of  continuous  and  discontinuous  walls 


Severe  damage:  A  degree  of  damage  that  precludes  further  ijse  of  the 
structure  or  object  for  its  intended  purpose,  without  essentially  com- 
plete reconstruction.  For  a  structure  or  building,  collapse  is  generally 
imphed. 

Moderate  damage:  A  degree  of  damage  to  principal  members  that  precludes 
effective  use  of  the  structure  or  object  for  its  intended  purpose,  unless  major 
repairs  are  made. 

Slight  damage:  A  degree  of  damage  to  buildings  resulting  in  broken  windows, 
shght  damage  to  roofing  and  cladding,  blowing  down  of  hght  interior  parti- 
tions and  slight  cracking  of  certain  walls  in  buildings. 
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spacer  bars 
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T20-200 


T20-200 
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T20-200  T20-200 

150  high  construction  joint 


\ 7 


^^^^ 


^^■^■^■^ 


Section  A-A 
Fig.  9.23  Reinforcement  througli  section 


(alternate  bars  reversed) 


T20  -  200 
T20  -  200 


T25-100 


T25-100 


reinforcement 
repeats  as    — 
opposite  wall 


T25-100 


T20  -  200 


Section  B  -  B 


Fig.  9.24  Section  B-B  through  shelter 
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'/MM////, 
Fig.  9.25  Dynamic  model  for  a  nuclear  shelter 


springs  and 
dashpots 


3.0    6.0     12        30  120      300 

Ground  zero  distance 


Fig.  9.26  Relationships  between  pressures  and  time 


9.8     Damage  Classification 


587 
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stress  trajectories/cracking 
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I  crushing-cum-spalling 


Fig.  9.27  Typical  results  from  the  finite-element  analysis 
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Fig.  9.28  Structural  details  - 1  Swedish  code  TB78E 
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Fig.  9.29  Structural  details  -  II  Swedish  code  TB78E 
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I  tratlied/efuihed 

:  scabbing  wiih  cracking 

.  pcrroraied 


Fig.  9.30a  Stress  trajectories/cracking 


Top  slab 


Left  wall 
-20      t4 


From  wall 


Righi  wall 
Fig.  9.30b  Principal  stresses  for  a  nuclear  shelter  (all  stresses  are  maximum  principal  stresses) 
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9,9  Blast  Loads  and  Stesses 

Table  9.2  and  Fig.  9.10  give  a  summary  of  the  blast  loads  generated  from  a 
bomb  burst.  Table  9.5  gives  generalised  data,  including  allowable  stresses  used 
later  on  in  the  analysis. 

Based  on  HMSO  reports,  American  Defence  Agency  carried  out  limit  state 
analysis  for  a  six-person  domestic  shelter,  as  given  in  Figs.  9.1  la  and  9. 12b.  This 
was  designed  for  a  1  megaton  weapon  yield,  for  which  the  data  are  given  in 
Table  9.3.  For  shallow  shelters  Table  9.4  indicates  the  blast  loads. 


9.10  Finite  Element  Analysis  of  a  Domestic  Nuclear  Shelter 

Figure  9.30  shows  a  typical  finite  element  mesh  for  the  dynamic  analysis  of  this 
shelter.  Again  20-noded  elements  representing  concrete  in  the  waUs  and  slabs 
with  smeared  reinforcements  are  used  to  analyse  the  shelter  resistance  against  a 
1  megaton  weapon  yield.  The  dynamic  pressure  p^o  is  applied  in  the  form  of 
nodal  loads.  Time  duration  is  included  corresponding  to  the  specific  values  of 
Pdo-  The  dynamic  finite-element  analysis  together  with  cracking  is  given  in 
Chapter  6,  and  the  numerical  model  for  the  material  law  developed  for  the 
five-parameter  case  has  been  adopted.  The  program  ISOPAR  is  modified  to 
include  the  blast  loads.  The  total  number  of  increments  considered  is  12.  The 
structure  is  yielded,  cracked  and  crushed  in  vulnerable  areas  when  assumed  to 
be  placed  above  ground.  The  same  structure  is  placed  underground  with  0.5  m 
overburden.  The  stress  trajectories  are  plotted.  Figures  9.30a  shows  the  crack- 
ing of  the  structure  when  placed  above  ground.  Figure  9.30b  shows  the  stresses 
and  partial  cracking  when  placed  underground.  The  safety  factor  for  the 
structure  is  3.1  when  placed  underground  and  the  protection  factor  based  on 
the  HMSO  reports  [639  -  640]  is  4000.  The  shelter  received  no  damage  above 
ground  for  i  Mt  yield  at  a  ground  zero  distance  of  20,000  m. 


Chapter  10 

Elemental  Design  Analysis  for  Auxiliary 

Structures  Associated  with  Nuclear  Facilities 


10.1  General  Introduction 

In  this  chapter  design  calculations  are  given  for  auxihary  structures  associated 
with  nuclear  facilities.  They  are  divided  into  three  parts.  Part  A  deals  with  the 
design  analysis  of  steel  elements  using  steel  Euorcode  EC-3.  Part  B  deals  with 
the  design  analysis  of  concrete  elements  based  on  Eurocode  EC-2.  Parts  C  is 
developed  entirely  based  on  the  design  of  a  nuclear  laboratory.  It  is  assumed 
that  the  dimensions  and  thicknesses  of  various  elements  are  in  accordance  with 
the  nuclear  requirements  and  have  satisfied  the  radioactive  and  the  radiation 
parameters  normally  adopted  by  the  respective  experts.  Any  necessary  changes 
and  alterations  needed  must  be  adhered  to  the  demands  imposed  by  those 
experts.  Part  C  can  only  claim  on  the  structural  design  analysis  of  the  structural 
elements  of  the  nuclear  laboratory,  using  British  Codes  such  as  BS  8110,  BS 
5950  and  other  codes. 


PART  A  DESIGN  ANALYSIS  OF  STEEL  ELEMENTS  FOR 
AUXILLARY  STRUCTURES  OF  NUCLEAR  FACILITIES 
BASED  ON  EC-3 


10.2  Background  to  Eurocode  EC-3 

NV1993-1-I  Eurocode-3.  Design  of  Steel  Structures:  Part  1.1.  General  Rules  and 
Rules  for  Buildings  (EC-3)  gives  general  rules  for  design  of  all  types  steel  struc- 
tures. In  principle  this  code  covers  both  ultimate  and  serviceability  limit  states. 
Safety  factors  are  applied  to  loading  (actions)  and  resistances.  The  National 
Application  Documents  (NAD)  have  been  prepared  by  the  authorities  in  various 
CEN  member  countries  including  United  Kingdom.  The  U.K  version  which  is 
followed  adds  rules  for  lying  forces  or  actions  etc.  from  BS5950  Part  1 .  In  order  to 
minimise  any  difficulty  that  those  engineers  who  are  already  familiar  with  BS5950 
Part  1  may  find  in  switching  to  EC-3,  many  of  the  EC-3  provisions  have  been 
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recast  into  tables  and  charts  to  improve  their  useability.  The  system  of  symbols 
used  in  EC-3  is  at  level  of  sophestication  above  that  used  in  BS5950  Part  1. 
Majority  of  symbols  are  found  quite  familiar.  The  parametric  comparisons  are  as 
follows: 


Parameter 

Axia]  force 

Elastic  section  modulus 

Plastic  section  modulus 

Radius  of  gyration 

Conventions  of  Member  Axes 

(a)  Definition  of  longitudinal  Axis  of  a  member 

(b)  Major  Axis  of  cross-section 

(c)  Minor  Axis  of  cross-section 

Values  ofy„, 

(a)  When  failure  is  by  Plastic  yielding 

(b)  When  failure  is  by  any  type  of  buckling 

(c)  When  failure  occurs  by  any  net  section  at  bolt  holes 


On  the  analysis  side  both  elastic  and  plastic  methods  are  allowed.  In  case  of  plastic 
global  analysis  either  rigid  plastic  or  elasto-plastic  methods  are  used  in  EC-3. 

Imperfections 

The  adverse  effects  of  imperfections  are  allowed  in  EC-3.  Frame  imperfections 

are  included  in  the  global  or  individual  member's  analysis. 

Classification  of  cross-section 

The  main  purpose  is  to  identify  the  extent  to  which  its  resistance  is  modified  by 
the  propensity  of  its  compression  elements  for  local  buckhng  which  depends  on 
width-to-thickness  b/t  ratio  of  the  steel  elements  and  upon  the  patterns  of 
stresses  and  levels  of  strains  imposed  on  them. 

Various  classes 

Class  1:-  For  plastic  global  analysis  the  usage  of  cross-sections  with  large 
rotation  capacity,  at  least  at  the  plastic  hinge  location.  The  b/t  ratios  are 
efficiently  stocky  to  permit  the  necessary  substantial  deformations  without 
local  buckling. 

Class  2:-  Most  rolled  sections  have  b/t  values  of  sufficiently  stocky  for  the 
cross-section  to  reach  Mpi  and  they  are  termed  Class-2  or  compact  sections. 
Here  some  strain  hardening  occurs  and  some  limited  rotation  is  possible 
before  falling  part  of  the  curve  drops  (rotation  capacity)  below  Mpj. 

Class  3:-  Here  semi-compact  section  is  envisaged  for  the  section.  The  values 
b/t  are  less.  The  maximum  moment  reaches  the  elastic  resistance  moment 
M^,i  but  falls  short  of  the  M^/,  the  plastic  resistance  moment. 
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Class  4:-  In  this  class,  the  slender  cross-section,  the  maximum  moment  is 
governed  by  local  buckling  and  occurs  at  a  value  less  than  the  elastic 
moment  of  resistance.  In  this  case  the  stress  at  the  extreme  fibres  reach  the 
yield  strength.  /|f  </J. 

In  BS5950  classes  1,  2,  3,  4  as  comparison  representing  plastic,  compact, 
semi-compact  and  slender  classifications,  are  replaced  by  the  above  classes. 
The  principles  are  the  same  for  classifications. 


10.2.1  Axially  Loaded  Members:  Definitions  and  Formulae 

(a)  Section  properties 

Shear  lag  effects  when  for  outstanding  flange  elements 

c<Lo/lQ  (10.1) 

b  <  Lo/10  (10.2) 

If  they  are  exceeded,  the  effective  breadth  specified  in  EC-3  should  be  used. 

10.2.2  Tension  Members 

(a)  The  design  tension  resistance  is  smaller  than  Np/^j^,,,  the  design  plastic 
resistance  of  the  gross  area.  In  this  case  /,.  =  yield  strength  of  with  jmo  = 
1.05  shall  be  used.  The  design  ultimate  resistance  of  the  net  area  =  0.9  x 

ultimate  tensile  strength /„  with  7^2  =  1-2- 

Nu-Rdi^  Npj.Rd  and  can  be  achieved  inductile  behaviour  as 


^  l,/«J  I '/mo 


10.2.3  Compression  Members 

They  shall  be  designed  both  for  cross-section  resistance  and  buckhng  resistance. 
All  classes  1,  2,  3  shall  be  considered.  For  class  4  sections,  the  additional 
moment  due  to  the  eccentricity  of  the  centroidal  axes  of  the  effective  section 
should  be  allowed  for. 


10.2.4  Buckling  Resistance 

Calculated  values  of  the  compressive  strength,  similar  to  BS5950  Part  1,  in  EC-3 
are  calculated  according  to  various  slenderness  ratio  i  —  ra^diut' "7^ "filon •  ^^^ 
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compressive  strengths  are  tabulated  against  values  of  -i/P^  in  Table  5 . 1 4  (a)  and 

(b)  for  Fe  430  and  Fe  510  steels,  respectively. 

Where 

/?^  =  1  for  classes  1,2,3  cross  sections 
j8^  =  ^d'f/A  for  class  4  cross  sections 


10.3  Beams 

The  yield  strength  in  shear  =  fy/Vi  which  is  a  plastic  shear  resistance.  Com- 
paring with  BS5950  which  is  0.6  /,,,  the  EC-3  takes  sometime  a  lower  value  of 
0.577  fy  for  a  rolled  section  W,,/,  the  plastic  modulus,  is  used  for  class  1  or  2  while 
W,./,  the  elastic  modulus  is  used  for  class  3,  each  with  jmo  for  class  4  cross-section 
W,./  and  W,,ff,  the  effective  cross-section  with  jmi  are  both  used. 
The  beams  should  be  checked  for  the  following: 

(a)  Moment  of  resistance  for  cross-section  with  high  shear 

(b)  Effect  of  transverse  forces  on  moment  of  resistance 

(c)  Lateral  torsional  buckling 

The  methods  are  explained  in  the  examples  associated  with  this  part. 


10.4  Shear  Buckling 

Tables  and  clauses  related  to  shear  buckUng  are  given  in  Section  5.5.6  of  the 
code.  This  is  needed  for  which  the  shear  failure  mode  is  a  consequence  of 
buckling  rather  than  yielding.  "Simple  post  critical  method"  is  a  prominant 
one.  Interaction  of  moment  resistance  and  shear  buckhng  is  an  important 
phenomenon  which  needs  full  checking.  The  following  relations  are  to  be  noted 

wisd  =  max .  value  of  moment  <  M/:Rd,  the  plastic  moment  resitance 

(10.4) 
due  to  two  flanges  alone 

v,^  =  max  .value  of  shear  <  Vha-Rd,  the  design  shear  buckling.  (10.5) 


10.5  Axially  Loaded  Member 

The  following  processes  are  to  be  noted: 

(a)  Axial  force  and  bending  with  low  shear 

(b)  Axial  force  and  bending  with  high  shear 


Clause  5.6.1.2 
Clause  5.6.1.3 
Clause  5.6.1.4  to  5.6.1.5(3) 
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597 


(c)  Buckling  resistance  with  combined  bending  and  axial  tension 
and  with  combined  bending  and  axial  compression  tacking  into 
consideration  major  axis  bending  and  minor  axis  bending. 


Clauses 
5.6.3.2  to 
5.6.3.4(4) 


10.6  Resistance  of  Webs  to  Transverse  Compression  Forces 


(a)  Crushing  resistance 

(b)  Crippling  resistance 

(c)  Buckling  resistance 

(d)  The  choice  of  transverse  stiffness 

(e)  Flange  induced  buckhng 


Clauses  5.7  to  5.7.6(10) 

Clauses  5.7.7 


Note.  All  these  are  thoroughly  explained  in  the  design  examples  using 
various  formulae  in  the  EC- 3. 


10.6.1   WElO.l 

A  steel  beam  of  Fig.  10.1  has  an  effective  span  of  6.5  m  fully  restrained  along 
length.  At  one  end  its  simply  supported  and  at  the  other  end  is  supported  by  a 
roller.  The  beam  shaU  be  designed  in  Fe430  steel  (S275)  based  on  EC-3. 
The  foUowings  are  unfactored  loads:-  loads  (udl)  gki  +  G\^\  =  15.0KN  +  41  KN, 
qa  +  2ki  =  35KN  +  45KN 


® 

® 

A 

V 

o  r^c  rr\ 

z. 

\ 

/ 

•  •( 

'•f 

>- 

M 

—  6.50  m 

Fig.  10.1  A  simply  supported  steel  beam  (with  permanent  and  variable  loads) 


Solution: 

Factored  loads  Stiffness  bearing  length  at  supports  =  50  and  75  mm  at  concen- 
trated load 

(a)  Permanent  gji  =  jc  gki  =  20.25  KN/m  -  distributed 
concentrated  load  =  jq  G/,/  =  55.35  KN/m  -  distributed 
g,/,  (total)  =  73  KN/m 

Gdi  (total)  =  122.85 

(b)  Variable  q,/  =  jq  q^n  =  52.55  KN/m 
conentrated  load  Q^i  =  jq  Qti  =  67.5  KN 
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Trial  section  and  material  properties 

533  X  210  X  92UB 
ti  =  533.1  mm;  b  =  209.3  mm 
/„,  =  10.2  mm;  tf  =  15.6  mm 
d  =  476.5  mm;  A,,  =  58.1  cm^ 


A  =  118  cm";  W, 


ely 


2076  cm" 
=  6.71 
46.7 


PTpi.y  =  2366  cm";  cjtf 

ly  =  55390  cni^;  dju,  = 

?  <  40  mm  Grade  F,  430  (5'275) 

Fy  =  275N/mm2;  F^  =  430  N/mm^ 


■  298.675 


+  61.425 
(a)  Shear  Force 
(kN) 


/ 


F=  122.85  kN 
Udl  =  73  kN/m 


■61.425 


+  298.675 


585  kN/m 


(b)  Bending  moment  diagram 


Classification: - 

I-section-rolled  section 


_  c 


If 


< 


Flange  :-  class  I  type 

Web  subject  to  bending  when  NA  @  mid  depth 

For  selected  item  ^  =  46.7 

Ml' 

For  1  class  web  t-  <  66.6 

Ml' 

Section  is  class  I 


(i)  Shear  resistance  of  crossection 

Fsd  =  shear  force  at  x  -  section  ':j>  Vp/R^i 
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V, 


AV 

r/r] 

'/AfO 

m 

58.1  X  102 

"275" 
[V3\ 

1.05 

pl.Rd  ■ 

i'MO  LVJJ 

5R_1  X  102  p975-| 

X  10"'  =  879KN 

Fsd  (298.075^AO  <  Vpi^R,,  =  879  KN  OK 

Hence  533  x  210  x  92UB  is  O.K.  for  shear  resistance. 

(ii)  Moment  resistance  at  x-section 

Coexisting  shear  force  F„/  <  O.SVp/  r,/,  then  the  moment  of  resistance 

cannot  be  reduced  by  shear 

Mc.Rd  =  ^^  for  class  1  or  2  section  =  620  KNm 

Maximum  moment  is  calculated  as  585  <  620  KNm 

The  section  533  x  210  x  92UB  is  sufficient. 

(iii)  Beam  for  lateral  torsional  buckhng  (LTB) 

Since  it  is  fully  restrained  in  lateral  direction  it  will  not  be  affected  by 
lateral  torsional  buckling. 

(iv)  Shear  buckling 

For  steel  grade 

Fe  430  is  =  275) 

d 
->63.8 

'"'  d 

For  the  section  —  =  46.7  <  63.8 

No  check  is  needed. 

(v)  Resistance  of  web  to  transverse  forces 

The  unstiffened  web  to  forces  applied  to  a  flange  is  governed  by  crushing 
resistance  or  by  crippling  resistance  or  by  buckling  resistance.  Here  stiff 
bearing  length  can  be  taken  into  consideration. 
Ss  =  bearing  at  supports  =  50  mm 
5,„.v  =  bearing  at  midspan  =  75  mm 

Crushing  resistance  Ry,R,/  on  the  web. 
At  support 


Ry.Rd  =  (S,  +  Sy) 


'■ujyw 


Sy    =     tf 


0.5 


0.5 


15.6 


20.93' 


10.35 


0.5 


275' 


nO.5 


275 


Imo^fE.d 

.fyf 
[1,0] 


nO.5 


70.67  mm 
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10.2  X  275 
Ry.Rd  =  (50  +  70.67) 

But 


R^,^,  ^  (50  +  70.67)  j^^^^  -  322^A^ 


Fsd  =  29%.615<Ry,Rd  =  322KN 
The  section  is  OK 

(1)  At  mid  span 
Concentrated  load=  122.85KN 

(2)  Crippling  resistance 

At  supports 

,  0.5 


m 


1 


But  {^}  <  0.2 

At  support .?,  =  50  mm     §  ==  ^  =  0. 1 05  <  0.2 

7,„i  =  1.05   £=210   X    lO^N/mm^ 
R„M  =  543KN 

Maximum  Design  shear  force  V,j  =  29^.675KN  <  R„jf,,  =  543KN 

The  section  is  O.K 

At  mis  span 

For  5,„,  =  75mm  R„,r,,  =  583^A^ 

And  F„/  =  6lA25KN<R„,f,,,  =  583KN 

The  web  has  sufficient  cripphng  resistance 

When  the  beam  is  subject  to  bending  moment,  then 


Ra.Rd        Mc.Rd 

^-i--— 

Buckling  Resistance 

At  supports: 

h  =  533.1mm 

fl  =  0  mm 

b.i^^\[h'  +  sT  +  aV\ 

=  292.7mm  < 535.4 mm 
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R   f 

The  buckling  resistance  of  tlie  web  Rh.Rd  =  -z^ 

^^  =  1,  A  =  ben-  X  ?„.  =  2986  mm^ 

2  58 
7^1  =  1.05,  i  =  ^=  116.8 

/;=  104N/mm2 

R,,.Rd  =  300  KN>  Vsd  =  298.675  O.K 

The  buckling  resistance  is  sufficient  laterally. 
Serviceability  limit  state 

7g  =1.0,72=1.0 

^rf=  l.Ox  15=  15KN/m     (dead) 

^^  =  1  X  35  =  35  KN/m     (imposed) 

Concentrated  loads 

Gd  =  1.0  X  41  =  41KN;  g,,  =  1  x  45  =  45A'jV 

52  —  deflection  due  to  variable  load 


5 
384 


qdL 


41 


EI 


1    fQdL' 


48  V   EI 


/=/v  =  553.3  X  10^  mm"*:  £'=210x^^^ 


62  =  9.21  mm 


(52  (limiting)  =  —  =  26  mm 

A  5;       20 


^2  <  ^2  (limiting)  deflection  CA^ 
Hence  the  section 

533  X  210  X  92UB,  Fe{430)S  =  275  O.K 
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10.6.2  WE10.2 

In  the  Section  10.6.1,  the  beam  is  laterally  restrained  at  the  ends  only  and  as  a 
result  the  span  is  increased  to  90  m. 

g,i  =  characteristic  load  24.2  KN/m  (permanent)  inclusive  y^  =  1.35 
q^i  =  charateristic  variable  load  =  30  KN/m  inclusive  yg  =  1.5 

No  concentrated  load  exists.  Design  basis  EC3 
Solution 

Total  u.d.l  =  54.2  KN/m  material  grade  Fe  430 
Shear  force  =  243  KN  y,„o  =  1.05 

BM  diagram  parabolic  with  maximum  ordinate  =  550  KNm 

Section  610  x  305  x  149C/fi(Fe430)  and  s275 

Class  I  section;  h  =  609.6  mm;  b  =  304.8  mm,  z„.  =  11.9  mm 

//■  =  19.7  mm,  d  =  537.2  mm;  Ay  =  79  cm^ 

A  =  190  cm-,  c/tf  =  7.74;  d/t„.  =  45.1 

11'^,,.,.  =  4575  cm^^,  uw.,.  =  4093  cm^ 

/,.  =  124700  cm^  /^^  =  7.75  cm;  a^r  =  201  cm 

t<  40  mm;/;,  =  275  N/mm";/;,  =  430  N/mm^ 

Shear  resistance  plastic 

F,,^.  =  — |4I  =  1195KN 
V,d  =  243  KN  <  VpiM  =  1 195  KN.  O.K  section  sufficient 
Moment  resistance  appUed  shear  force 

M,  M  =  — ^^^  =  1 198  KNm  0.5  F„,  r^  =  59.7  >  243 

y,vo 

>  M„/  =  550  KNm  O.K.  Section  sufficient 


Lateral  Torsional  Buckhng  (LTB) 
Class  I  rolled  I  section 
For  loading  support:- 


'k' 

0.5 

.L  =  0.94  =  8460 >0.35/Lr  ==  2713  O.K 

Tit           /     »^                    B,,fhWpl.y 

My.,d    <    Mh.Rd    =    '-^ 

7mi 

fb  =  bending  strength  =  Xl,t\/ ^k 
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where  alt  =  spenderness  Equivalent 

0.25 

=  94.5 


Mh.Rd  —  buckling  resistance  moment 


7233KNm  >  M,d550KNm 


in7l 


OK  for  sufficient  resistance. 
Shear  Buckling 

d      ^^  „       ,  d  ,  ,  •     X 

—  >  63.8  and  —  (chosen  section) 

=  45.1<63.8 

Shear  buckhng  not  needed. 

Example  10.1  gives  a  method  for  checking  resistance  of  the  web  to  transverse 
forces. 

Section  610  x  305  x  149C/fiFe430,(5275)  O.K 


10.63  WE103 

The  ground  floor  steel  column  assumed  pinned  at  top  and  bottom  has  total 
length  6.0  m.  From  the  top  floors  the  column  receives  a  total  load  of  2500KN 
axially  only.  Design  is  steel  column  based  on  EC3  of  material  properties  Fe430 
(s275,/;.  =  2757V/mm-;./„  =  430  N/mml  Show  that  the  column  365  x  368  x 
129 C/C  class  3  section  is  adequate  for  load  2300KN  (factor  load) 
Solution 

h  =  355.6;  h  =  368.3mm;  ?„  =  10.7mm;  //■=  17.5mm;  <i=  290.2mm 

A,=  A3.5cm^;  A=  165cm-;/,  =  15.6cm^  /_-  =  9.39  cm;  c7;/=  10.5  li//,,  =  27.1 

7mo=  1-05;  ]'mi  =  1-05 

Compressive  Resistance 

Nsd  <  Nc.Rd  =  ^  class  3  section  Nc.Rd  =  design  compressive  resistance 
=  A32\KN>N'd^  2300 KN 

Section  OK  against  compression. 
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Buckling  Resistance 
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N,d  <  N,,Rd  - 


IhJyA 


Buckling  about  YY  axis  /,,  =  1  x  6000  =  6000  mm 
Buckling  about  ZZ  axis  /-  =  1  x  6000  =  6000  mm 

Hence 

1,  =  -^=38.5  <  180 


1- ==-=  63.9  <  180 
i- 

The  buckling  about  YY  axis  and  j  —  0.966  <  1 .2  curve  'b' 
Table  5.14 

P^  =  1.0i,,v/iS^=38.5andf  <40mm 

/,  =  249.5  7V/mm2 

Nh.y.Rd  =  3921  KN  >2300  KN 

Buckling  about  ZZ  axis 

h 

-  =  0.966 

b 

Pa  =  1.0?  <  40mm 
^^z\/Jli  =  63.9,  /,  =  193N/mm^ 
The  design  buckling  resistance  @  ZZ  axis 


Nh, 


.Rd  - 


3033KN>iVw  =  2700KN 


Section  356  x  368  x  129 UC  Fe430  (5275)  O.K 


6.0  m 


Fig.  10.2  Axially  load  column  with  pinned  end 
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E 
o 


T-rT-m-T-rT-rT-rT-r 


Mi=50kN/m 


('fa^Section  1-1  under  biaxial  moments 
on  ZZan6  VVaxis 


(a)  Longitudinal  elevation  of  the  steel  column 
showing  load  F  acting  at  centre  line  or  centroide 

Fig.  10.3  Steel  column  under  axial  load  and  biaxial  moment 
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FOR  AUXILARY  STRUCTURES  OF  NUCLEAR  FACILITIES 
BASED  ON  EC-2 
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Suitable  dimensions  for  b  and  d  can  be  decided  by  a  few  trial  calculations  as 
follows 

1.  For  no  compression  reinforcement 

K^M/bd%k<Ki,ai  (10.6) 

where 


Ki,ai  =  0.167  for  f,k<C50 


(10.7) 
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With  compression  reinforcement  it  can  be  shown  that 

M/bd'-u<^IU 


(10.8) 


approximately,  if  the  area  of  bending  reinforcement  is  not  to  be  excessive. 

2.  The  maximum  design  shear  force  F£,/,-nax  should  not  be  greater  than  0.1  8/)„. 
t/(l-/".^/250)/,.A.  To  avoid  congested  shear  reinforcement,  VEd.max  preferably 
be  somewhat  closer  to  half  (or  less)  of  the  maximum  allowed. 

3.  The  span-effective  depth  ratio  for  spans  not  exceeding  7  m  should  be  within 
the  basic  values  given  of  the  code.  For  spans  greater  than  7  m  the  basic  ratios 
are  multiplied  by  7/span. 

4.  The  overall  depth  of  the  beam  is  given  by 


h  =  d+  cover  +  t 


(10.9) 


where  /  =  estimated  distance  from  the  outside  of  the  link  to  the  centre  of  the 
tension  bars,  see  Fig.  10.4.  For  example  with  nominal  sized  12  mm  hnks  and 
one  layer  of  32  mm  tension  bars,  ?  =  28  mm  approximately.  It  will,  in  fact,  be 
slightly  larger  than  this  with  deformed  bars  as  they  have  a  larger  overall 
dimension  than  the  nominal  bar  size. 
5.  Calculate 


z  =  d 


0.5+  W  0.25 


K 


1.134 


(10.10) 


6.  Calculate 


M 


O.ilfyk-- 


(10.11) 


7.  Check  that  the  area  of  steel  provided  is  within  the  maximum  and  minimum 
hmit  required. 


Fig.  10.4  Beam  dimensions 
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10.7.1  Rectangular  Sections  with  Tension  and  Compression 
Reinforcement  with  Moment  Redistribution  Applied 
(Based  on  the  UK  Annex  to  EC2) 

The  steps  in  the  design  are 

8.  Calculate 

Xbal<{8-^A)d  (10.12) 

9.  Calculate 

K=Mlbd\U  (10.13) 

10.  Take  A'/,,,/  from  Table  7.1  or  alternatively  calculate 

K,,ai  =  0.454(<5  -  0.4)  -  0.182(<5  -  OAfforU  <  C50  (10.14) 

If  K>  K/,,1,,  compression  steel  is  required. 

1 1 .  Calculate  the  area  of  compression  steel  from 

where /v,.  is  the  stress  in  the  compression  steel 

If  d'/x  <  0.38  the  compression  steel  has  yielded  and/„.  =  O.^lfy/, 

If  Y  >0.38  then  the  strain  £„.  in  the  compressive  steel  must  be  calculated 

from  the  proportions  of  the  strain  diagram  and  fsc  —  EsB^c  =  200  x  10^  Ssc 

12.  Calculate  the  area  of  tension  steel  from 

.  K-halfckbd'^    ,       .,       fsc  nc\\f.\ 

where  z  =  d—  0.8X/,fl//2 

13.  Check  Eq.  7.5  for  the  areas  of  steel  required  and  the  areas  provided  that 

(^Uv  -  A.re,)    >   i^-^-prov  "  A,.,,,)  (10.17) 

This  is  to  ensure  that  the  depth  of  the  neutral  axis  has  not  exceeded  the 
maximum  value  of  X/,„/  by  providing  an  over-excess  of  tensile 
reinforcement. 
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10.7.2  Design  of  Shear 

The  theory  and  design  requirements  for  shear  have  been  covered  in  EC3  and  the 
relevant  design  equations  were  derived  based  on  the  requirements  of  EC2  using 
the  variable  strut  incHnation  method. 

The  shear  reinforcement  will  usually  take  the  form  of  vertical  links  or  a 
combination  of  links  and  bent-up  bars.  Shear  reinforcement  may  not  be 
required  in  very  minor  beams  such  as  door  or  window  lintels  with  short  spans 
of  less  than  say  1.5  m  and  light  loads. 

The  following  notation  is  used  in  the  equations  for  the  shear  design 

y4  ,,„,  =  the  cross-sectional  area  of  the  two  legs  of  the  stirrup 

s  =  the  spacing  of  the  stirrups 

z  =  the  lever  arm  between  the  upper  and  lower  chord  members  of  the 

analogous  truss 
fy.yci  =  the  design  yield  strength  of  the  stirrup  reinforcement 
/vA  =  the  characteristic  strength  of  the  stirrup  reinforcement 
VecI  =  the  shear  force  due  to  the  actions  at  the  ultimate  limit  state 
V,^,j  =  the  shear  force  in  the  stirrup 
VrcU  =  the  shear  resistance  of  the  stirrups 

VRd.max  =  the  maximum  design  value  of  the  shear  which  can  be  resisted  by 
the  concrete  strut 


10.7.3   Vertical  Stirrups  or  Links 

The  procedure  for  designing  the  shear  hnks  is  as  follows 

14.  Calculate  the  ultimate  design  shear  forces  Veci  along  the  beam's  span. 

15.  Check  the  crushing  strength  K/j,/„,„^^  of  the  concrete  diagonal  strut  at  the 
section  of  maximum  shear,  usually  at  the  face  of  the  beam  support. 

For  most  cases  the  angle  of  inclination  of  the  strut  is  0  =  22°,  with  cot  0  =  2.5 
and  tan  0  =  0.4  so  that  from  Eq.  5.6: 


Kj^imax  =  0.1  24/>„,J  (1  -,/;a/250)  U  (10.18) 

and  if  K^^.max  >  VEd  then  go  to  step  (16)  with  6  =  22°  and  cot  0  =  2.5,  but  if 
VRd.max<  VEd  then  0  >  22°  and  0  must  be  calculated  from  Eq.  10.18  as  VEd  1 


''-'■■^-°"^.18^,.Jr-/..-/250)^<''^° 


10.7     A  Brief  of  Systematic  EC-2  Design  609 

16.  The  shear  links  required  can  be  calculated  from  Eq.  10.19 

A.„,  VEd 


s       Q.lMfyk  cot  0 


(10.19) 


where  A,,,,  is  the  cross-sectional  area  of  the  legs  of  the  stirrups  (2  x  7t(t)"/4  for 
single  stirrups) 

For  a  predominately  uniformly  distributed  load  the  shear  Ve,i  should  be 
taken  at  a  distance  d  from  the  face  of  the  support  and  the  shear  reinforce- 
ment should  continue  to  the  face  of  the  support. 


17.  Calculate  the  minimum  hnks  required  by  EC2  from 

S  fyk 

and  the  shear  resistance  for  the  links  actually  specified 


(10.20) 


V,nin  =  ^  X  OJM fykCOtO  (10.21) 

This  value  should  be  marked  on  the  shear  force  envelope  to  show  the  extent 
of  these  links. 

18.  Calculate  the  additional  longitudinal  tensile  force  caused  by  the  shear  force 

AF,^  =  O.5VEdCot0  (10.22) 

This  additional  tensile  force  increases  the  curtailment  length  of  the  tension  bars. 
The  minimum  spacing  of  the  links  is  governed  by  the  requirements  of  placing 
and  compacting  the  concrete  and  should  not  normally  be  less  than  about 
80  mm.  EC2  gives  the  following  guidance  on  the  maximum  link  spacing: 

(a)  Maximum  longitudinal  spacing  between  shear  links  in  a  series  of  links 

Sl,,naxOJ5d{l  +cota) 

where  a  is  the  inclination  of  the  shear  reinforcement  to  the  longitudinal  axis 
of  the  beam. 

(b)  Maximum  transverse  spacing  between  legs  in  a  series  of  shear  links 

Sh,max  =  0J5d  (<  600  mm) 

Types  of  links  or  stirrups  are  shown  in  Fig.  7.15.  The  open  links  are  usually 
used  in  the  span  of  the  beam  with  longitudinal  steel  consisting  of  top  hanger 
bars  and  bottom  tensile  reinforcement.  The  closed  links  are  used  to  enclose 
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top  and  bottom  reinforcement  such  as  that  near  to  the  supports.  Muhiple 
Hnks  are  used  when  there  are  high  shear  forces  to  be  resisted. 


10.7.4  Floor  Slab  with  Different  and  Boundary  Conditions 

After  evaluating  moments,  the  rest  of  the  procedures  given  in  the  ECS  shall  be 
followed. 


10.7.5  Short  and  Slender  Columns  in  Reinforced  Concrete 

10.7.5.1  Slenderness  Ratio  of  a  Column 

The  slenderness  ratio  of  a  column  bent  by  an  axis  is  given  by 

1  =  ^  =  ^!^-  (10.23) 

L°      ^I/A° 

where  /„  =  effective  height  of  the  column 
/  =  radius  of  gyration  about  an  axis 
/  =  second  momment  of  inertia 
A  =  the  cross  -  sectionalarea  of  the 

4  the  effective  height ,  based  on  EC2  gives  two  formulae: 


^°  =  '^-'^^/l  i  +  04lTI7)(^  +  a4lTI^)(^'""'^'^'^^^^^^^'^^'^)      ^^°-24^ 


lo  =  l\   l  +  lOj'^^  (10.25) 

V  ki  +k2 


and 


The  values  ki  and  k2  are  respectively  relative  flexibilities  and  rotations.  The 
restraints  at  ends  1  and  2  of  the  columns  respectively  do  exist. 
At  each  end  ki  and  k2  can  be  taken  as 

column  stiffness   ^      (f)  column      ^      (Ocolunm  (.n.n. 

E  beamsttffness      E2(f),_      E2(-0,_  ^     '     ^ 


10.7     A  Brief  of  Systematic  EC-2  Design  611 

A  typical  column  is  a  symmetrical  frame  with  spans  of  approximately  equal 
length,  kx  and  kj  can  be  calculated  as 

u    K     u      v// column      V// column       V// column  /i  a  oQ'^ 


^-V/Jbeam        ^  ^  ^V/Jbeam  ^Kllbea 


beam 


The  EC2  places  an  upper  limit  on  a  slenderness  ratio  of  a  single  member 
below  which  second-order  effects  can  be  ignored. 

Aiimi,  =  20  X  ^  X  fi  X  C/^/n  (10.29) 


A  =  1/(1  +  0.2^ef);  B  =  V1+2h';   c  =  1.7  -  y„,  (10.30) 

(j)^,/- effective  creep  ratio  (if  not  known  A  =  0.7) 
II'  =  ^.v//'„/(y4,./^,,/)  (if  not  nown  5  =  1.1) 
fy^i  =  reinforcement  yield  strength 
/„/  =  design  compressive  strengthof  concrete 
A,  =  Total  area  of  longitudenal  reinforcement 
n  =  NedI{AJ',.,i)\  Ned  =  Design  ultimate  load 
yM  =  ^   (ifnotknowc-0.7) 

=  moments  at  the  end  of  the  column  \Mo2\  >  |A/oi| 

The  following  conditions  apply  to  the  value  of  C: 

(a)  If  the  end  moments  Moi  and  M02  give  rise  to  tension  on  the  same  side  of  the 
column  r,„  should  be  taken  as  positive  from  which  it  follows  that  C  <  1.7. 

(b)  If  the  converse  to  (a)  is  true,  i.e  the  column  is  in  a  state  of  double  curvature, 
then  r„i  should  be  taken  as  negative  from  which  it  follows  that  C>  1.7. 

(c)  For  braced  members  in  which  the  first-order  moments  arise  only  from 
transverse  loads  or  imperfections;  C  can  be  taken  as  0.7. 

(d)  For  unbraced  members,  C  can  be  taken  as  0.7. 

For  an  unbraced  column  an  approximation  to  the  limiting  value  of  a  will  be 
given  by 


hmit  -  20  X  ^  X  fi  X  C/^  =  20  X  0.7  X  1.1  x  OJ/VNEo/iAJcd) 

(10.31) 


=  10.^/ VNed/{A  Jed) 

The  limiting  value  of  /,  for  a  braced  column  will  depend  on  the  relative  value 
of  the  column's  end  moments  that  will  normally  act  in  the  same  clockwise  or 
anti-clockwise  direction  as  in  case  (b)  above.  If  these  moments  are  of  approxi- 
mately equal  value  then,  r,„  =  — 1,C=  1.7  +  1  =  2.7  and  a  typical  approximate 
limit  on  1  will  be  given  by 
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2iimu  =  20xAxBx  C/^  =  20  X  0.7  X  1.1  X  OJ/^NED/{A,f,d) 


(10.32) 

^41. 6/ ^Ned/{A  J,,) 

Alternatively  for  a  braced  column  the  minimum  limiting  value  of  a  will  be 
given  by  taking  C  1.7.  Hence 

liimit  =  20  X  ^  X  5  X  C/^  =  20  X  0.7  X  1.1  X  OJ /^^ Ned /{A^d) 

(10.33) 

=  26.2/y/NED/{A,M 

If  the  actual  slenderness  ratio  is  less  than  the  calculated  value  of  iiin^it  then  the 
column  can  be  treated  as  short.  Otherwise  the  column  must  be  treated  as  a  slender 
one  and  the  second-order  effects  must  be  accounted  for  in  the  design  of  the  column. 


10.7.6  WE.10.5 

A  simply  supported  beam  of  an  effective  span  of  6.0  m  is  subject  to  permanent 
load  g^  =  60KN/m  inclusive  self- weight  and  variable  load  q/,  of  ISKN/m. 
Design  this  beam  taking  into  consideration/,./,  =  30  N/mm^;fyi^  =  500  N/mrn^ 

Solution 

Ultimate  loading  and  maximum  moment 
Ultimate  load  H'„  =  =  (I35gk  +  l.5qk)kN/m 

=  (1.35  X  60  +  1.5  X  18)  ==  l08KN/m 

Maximum  design  moment  M  =  -^  =  '"^g^-""  =  486  kNm 
Bending  reinforcement 

M  486  X  lO*" 

bdyck      300  X  540^  x  30 

Therefore  compression  reinforcement,  A'^  is  required. 

d'/d=—-  =  0.092  <  0.171  therefore/,,  ==  0.87/^ 

Compression  steel 

{k  -  kh„i)hd^f,.k 


A[ 


fsM'  -  d) 
(0.185-0.167)  X  30x300  X  540^      ^^^       , 
0.87x500(540-50) =  ''''""^ 
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Provide  H16  bars,  A'^  =  402  mm^ 
Tension  steel.  A,  =  °^^^^J^  +  A'^ 
la  =  0.82  therefore  of  steel  as 

0.167  X  30  X  300  x5402       ^^^ 

A,  = h  222 

■'      0.87  X  500  X  (0.82  x  540) 

=  2275 +  222  =  2497  mm- 

Provide  2NOH32  bars  and  2NOH25  bars,  area  2592  mm",  100  .4,/bd  = 
1.6  >  0.15. 

Two  bars  are  curtailed  near  the  support.  Tension  bars  shaU  be  anchored  over 
the  support. 

Span-effective  depth  ratio 

p  =  1004««//M=  (100  X  2497)7(300  x  540)  =  1.54% 
A,  =  2NOH32  and  2NOH25  steel  A'^  =  2NOH16 

From  Table  6.10  or  Fig.  6.3  basic  span-effective  depth  ratio  =  14 
Modification  for  steel  area  is  provided  as 
Modified  ratio  =  14.0  x  2|2  =  14.5 

Span-effective  depth  ratio  provided  =  ^^  =  1 1 . 1  <  allowable  upper 
limit  O.K 


10.7.7  WEI 0.6 

A  simply  supported  T-beam  600  mm  (Fig.  10.4(b))  flange  width  and  overall 
height  580  mm  with  a  6  m  span  is  subjected  to  the  design  ultimately  distributed 
load  of  40  KN/m.  As  shown  in  Fig.  10.5,  the  beam  has  flange  thickness  of 
150  mm  and  web  thickness  is  250  mm.  Using /^^^  =  25  N/mm^  a.ndfyic  =  500 
N/mm^  design  the  beam  based  on  EC2 

Solution 


B.M^.,^ 


40  X  6- 


=  180KNm 
Longitudinal  reinforcement 
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M 


180  X  6- 


0.0273 


Vy,.,      600  X  5302  X  25 
/„  =  0.95 

z  =  lever  arms  =  lad=  0.95  x  530  =  503  mm 
s  =  depth  of  stress  block  =  2{d—  z)  =  54  mm  </)/■=  150  mm 


^- 


M 


180  X  6- 


0.87/,t-      0.87  X  500  x  503 


=  823  mm^ 


Provision: 

2  No.  H25  bars;  A,  =  982  mm^ 
For  these  bars 

100^,      100  X  982 


b„.d       250  X  530 
Transverse  steel  in  the  flange 


0.74%  >  0.13% 


Fig.  10.4(a)  Simply  supported  T  beam 

1^- 


1 
600 


d  =  530  mm 


h  =  580mm 


H 


250  mm 


540  =  d 


150  mm 


Fig.  10.4(b)  T-section 
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Fig.  10.5  Type  of  sliear  link 
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H   H 


Open  link 


Closed  link 


7? — ^ 


Multiple  link 


Using  the  code  Section  5.14 


Ax  =  0.5^  =  ^^  1500  mm 

2         4 


AM  =  change  in  moments  over  distance  Ax  =  —  from  moment 

w^L      L      w,,L    L      3  X  40  X  6- 
=  ^^4-^-8-^^-13^^^- 

The  change  in  the  longitudinal  force  Ai^  at  the  flange  web  interface  is 


AM 


{d-hf/2) 
Ve^i  =  Longitudinal  shear 

^Fd 


\bf-K)/l 


87KN 


Stress : 


hfX  Ax      150  X  1500 


87x10^        ^^^,,       2 
0.4N/mm 


Check  the  concrete  steel  strength 

To  prevent  crushing  of  the  compressive  steel  in  the  flange 


VEd< 


0.6((1  -/,,)/250)/,, 


1.5(cot6i/+tan6'/) 
Note:-  moments  are  sagging-compression  steel  in  the  flange 
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^    t 


6.0  m 


;       6=300  mm 

t  B 


=  450  mm 


Fig.  10.6  Cross-section  1-1 


300 


540 


<  5.4Af/mm^  >  0.43A^/mm^ 

And  the  concrete  strength  has  sufficient  strength  for  flange  in  tension  9  is 
45°  >  38.6°. 

Limits  for  0/26.5°  <  0/<  45°  take  0f  =  26.5°  mini. 
Transverse  steel 

Transverse  shear  reinforcement  required  if 

VEd  >  O.nfcrk  =  1.85N/mm^ /or  25  grade  of  concrete 
0.21f,k  =  0.49N/mm^>0.43N/mm- 

Transverse  reinforcement  Not  Needed 
A  minimum  are  0.13% 

A,f^OAbhf/lOO  =  0.13  x  1000  x  150/100  =  195mmVm 
Provide  m0@300  =  262mmVm 

Reinforcement 

/H10-300  I 


150 


^2H25 


Fig.  10.7 


(c)  Reinforcement  details 
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10.7.8  WE10.7 

A  simply  supported  slab,  spanning  5  m  as  an  effective  span  is  to  be  designed 
using  EC2.  The  following  data  are  taken: 

1.  Floor  finishes  +  ceihng  loads  =  IKN/m^,  basic  span/depth  =  0.19 

2.  Variable  load  =  3KN/m^ 

Characteristic  material  properties:  f^k  =  25N/mm^;  fy/,  =  500N/m^ 
Class  X  cl  exposure  cover  =  25  mm  (c25/30)  /  =  25% 

Solution 

Slab  depth  =  span/depth  =  27  take  40%  more 
Minimum  depth  =  span/27  x  correction  factor  c.f 

Since  the  span  <  7  m;  c.f  =  1.0 

Overall  depth  of  the  slab  =  185.6  +  25  +  5  =  215.6  mm 

Take  initially  the  slab  200  mm  on  trial  basis  with  d  =  170  mm 

Self- weight  =  200  x  25  x  10"^  =  5KN/m^ 

Total  permanent  load  =  1  +  5  =  6  KN/m^ 

Ultimate  load  parameter  width  of  the  slab  =  (1.35^/^  +  ISq^)  (5.0) 

=  (1.35  X  6  +  1.5  X  3)  (5.0)  =  63.0  KN 
M  =  ultimate  moment  =  63  x  5/8  =  39.375  KNm 
Bending  reinforcement 

Code:-  4  =  0.96  adopt  upper  limit  =  0.95;  z  =  lever  arm  /^d  =  0.95  x  170 

=  161  mm 
A,  =  area  of  steel  =  M/0.87/^,ytz  =  562  mm^ 
Provide  HI 2- 150;  A,  =  754  mm^ 
Check  span-depth  ratio  =  ^^^  =  0.33  >  0.13%  min 
Code:  span/depth  =  32  while  actual  span/depth  =  ^^w  ^  29.41 
Hence  the  chosen  depth  is  OK. 
Shear  at  the  face  of  the  support  v^,/ 

shear  v^^  =  %^  p.25-o^5xo.3j  ^  28.79  KN 

100x754       ^^^ 
^'  =  1000^^70  =  '^■44 
^R.dc  ~  VR.dcbd,    F/?,rff=  0.55  around,   pi  =  0.4  no  adjustment 
=   0.55  X  1000  X  170  =  0.935  KN 
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H12-300 


_• C C ■ 9^ « S « •_ 


H12-150  • 


300 


5m 


r 


Fig.  10.8  A  simply  supported  slab 


Enchorage  length  =  40ct)  =  40  x  12  =  480  mm 

Distributed  steel  =  0.13M  =  0.13  x  1000  x  170  =  221  mm^/m 

Provided  H 12-300:-  A'^  =  377mm2/m>22mmVm 

The  slab  reinforcements  are  shown  in  Fig.  10.8. 


10.7.9  WEI 0.8 


Assuming  the  column  is  in  a  braced  frame  using  EC2  and  the  foUowing  data: 
Ultimate  axial  load  =  1279KN;  column  =  400  x  300 

i,.,,  =  heighest  slenderness  ratio;  beam  of  the  frame  300  x  500 

/„■  =  25  N/mm^;  hcolumn  =  3  m;  /beam  =  4  m;  /„  =  0.59  x  3.0  =  1.77  m 

Solution 

I,oi  =  400  X  300Vl2  =  9  X  lO'^mm'' 

kcan,  =  300  X  500Vl2  =  31.25  X  lO^^mm'^ 


l=/C2  = 

/,„; 

E(tr) 

I 

20.4 

i  =  radius  of  gyration 

=  86.6 

mm 

40x10'' 
3 


lO'* 


0.96 


bhyn 

hh 


^Lrm  =  limited  slenderness  ratio 


,/;</  =  ^=16.67 


26.2 


{NEd/AJ,d} 


Hence  hi,,,  =  26.2^{,,,J^^l,J  =  32.8>20.4  =  1 
The  column  is  short  since  /,i,„,  >  A. 
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10.7.10  WE10.9 


619 


A  slender  column  450  x  350  mm  cross-section  is  subject  to  an  ultimate  load 
of  1650  KN  and  end  moments  at  ^  =  65  KNm  and  at  fi=  10  KNm  as  shown  in 
Fig.  10.9.  The  double  curvature  exist  about  v-j'  axis.  Use  the  following  data  and 
EC2  design  requirements,  check  the  sufficient  reinforcement  are  catered  for 
ley  =  6.75m;  4^  =  7.5m;  fyk  =  SOO'N /mm^;  0gff  =  creep  ratio  =  0.87. 

Solution 


Sob 


MB 


6.06  mm; 


eoA 


MA 

NEd 


-65  X  10^ 
1650 


-40.0  mm  (column  bent  in  double  base  curvature) 


Limiting  slenderness  ratio 

^-'/(i+o.2^,,)-0.85 
B  =  the  default  value  1 . 1 


12=1.854 


^  ^■'         M„A  ^•' 

1^,.,,,  =  [20  X  ^  X  5  X  C]/y/n 
[lOxAxBx  C]/^  {NEd  I A  Jed} 


M- 


J_ 


b  =  450 


af'=60 


>,      1650  kN 

65.0/kNm  =  MA 


(a) 


Fig.  10.9  Axial  load  with  two  acting  moments 
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20(0.85)(l.l)x  1.854 

/         1650x103     ~ 

V  300x450x0.567x25 

Aun,  =  43.71; 

Actual  slenderness  ratio 

X^.^'f  =  ^yc  3.46  =  77.85>43.71 

l^^t^^x  3.46  =  61.35>31.19 

The  column  is  parallel  to  be  slender  and  A,,  is  critical. 
Equivalent  eccentricities  =  e 

0.6eoA  +  0.4eoB  =  0.6(40)  +  0.4(-6.06) 
=  24.0 -2.424  =  21.576  mm 
0.4^0^  +  0.6  =  0.4(40)  =  16  mm 

Hence  v  =  accidental  eccentricity  =  Jjt^ 

Seq  =  v-^  =  16.88  mm 
e,o2  =  second  —  order  eccentricity 

~  712  (103  500 J) 

Since  ^i  =  (l  +  0.354  +  ^-^^ '^eff  =  0-96  >  1 

Hence  esoi  =  92.92  mm 

Initial  value  oikj  =  1  is  taken  prior  to  iteration 

First  iteration 

Stot  =  e,otai  =  ^0  +  eeq  +  6^2  =  21.756  +  16.88  +  92.92  =  131.556  mm 

M,o,ai  =  M,o,  =  NecI  ■  e,ot  =  1650  x  131.556  x  10"^ 

^Ed  _  1650x10-^    /  -0  489 

^tot    _217xl0'-    /  -0  214 

bll'U'  /450x300x25-"-^i4 

From  standard  design  chart  on  EC2 

-^  =  0.8  looking  at  the  chart /C9  =  0.78 
bhjck 
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Second  iteration 

Similarly  when  ^2  =  0-78;  evo2  =  72.48;  e,,„  =  111.116  mm 

Mtot  =  183  KNm;  ^^  =  0.8;  -^  =  0.158 

^.  =  ^:^  =  4050mm2;t2  =  0.74 
Jyk 

A^baiance  =  0.29/;./,^,  =  0.29  X  25  X  450  X  300  X  10"^^  =  978  KN 
Nsd  =  0.567/,A-^,.  =  Q.ilfykA,  ^  3675  KN 

^2  =  ~TZTk — 0T8~  ^  ^''^-'  '^  "il^o^t  ^  =  0-74  above 


PART  C  A  NUCLEAR  LABORATORY  CASE  STUDY  BASED 
ON  BRITISH  CODES 


10.8  A  Nuclear  Laboratory:  A  Case  Study 

10.8.1  Proposal  and  Preliminary  Data 

The  provision  is  for  an  open  laboratory  involving  only  British  Codes  such  as  BS 
8 1 10,  BS  5950  and  BS  6399.  Here  a  general  design  is  given.  The  clear  height  is  given 
to  be  408  m  from  the  nuclear  concerns  with  a  clear  structural  layout  necessary  for  a 
number  of  classified  testing  and  storage  facilities.  The  nuclear  concerns  allocated  an 
area  of  50m  ^  50m.  Many  options  regarding  the  structural  layout  can  be  available. 
Figures  10.10  and  10.11  are  the  structural  schemes  proposed  for  this  text.  A 
composite  steel  frame  is  chosen.  The  roof  and  cladding  are  of  precast  concrete 
units.  It  is  proposed  to  have  a  concrete  slab  for  the  roof  to  withstand  the  blast  load. 
The  vertical  frame  is  of  trust  type  matching  the  roof  truss  supporting  the  concrete 
slab  with  the  vertical  stanchions  made  up  of  trusses.  The  stanchions  or  column  are 
designed  to  withstand  extreme  wind  loads  and  blast  effects.  Cladding  play  a 
significant  part  to  resist  such  loads.  Since  the  building  is  to  be  clayed  in  precast 
concrete  units  with  insulation  board  combgated  steel  cover.  The  main  door  is  to  be 
top  up  hung  when  it  is  open  to  give  a  clear  opening  of  30  m  x  40  m.  Several  doors 
are  be  located  for  access  to  personnel.  They  should  not  be  more  than  3. 


10.8.2  Loadings 

(a)  Roof  =  3  KN/m- 

(b)  Point  load  apphed  500  KN  +  10%  impact  to  roof  loading  at  the  centre 
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DETAIL  DRAWING  7 


DETAIL 
DRAWING  12 


Scale  1:200 


FRONT 


ELEVATION 


See  Base  Plate 


Drawings  I 

Fig.  10.10  Structural  elevational  details 


DETAIL  DRAWING  11 


356  X  406  X  235  UC 
Scale  1:25 


3.25  m        52  m  a  1 6  X  3.25  m  3.25  m 


ROOF  PLAN 


Fig.  10.11 
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(c)  Internal  blast  pressure  =  5  KN/m^ 

(d)  basic  design  wind  speed  =  40  m/sec 


10.8.3  Site  Condition 

0.0-0.3  Im  fill 

0.3 1-2. 5m  clayeysilt 

0.25-18.0m  solid  chalk 

Ground  water  not  allowed. 

The  bearding  capacity  for  the  soil  type  is  evaluated  as  75  KN/m^ 

Piles  and  pile  caps  can  be  a  possibility. 


10.8.4  Loading  on  the  Roof 

1.  Downward  loading 

Imposed  load  =   3  KN/m  (adverse) 

Dead  load  =  snow  load  +  finishes  +  dead  load  (adverse) 

=  0.75  +  1.5  +  self- weight 

Assuming  200  mm  slab 

Self-weight  =  0.2  x  24  =  4.8  KN/m^ 
.-.Deadload  =  0.75  +  1.5  +  4.8  =  7.05  KN/m' 
Designload  =  1.6  x  LL  +  1.4  x  DL 

=  1.6  X  3  +  1.4  X  4.8 

=  14.67  KN/m^ 

2.  Upward  loading 

Imposed  load  =  2  KN/m^  (benificial) 
Imposed  load  =  5  KN/m^  blast  load  (adverse) 
Dead  load  =  finishes  +  self-weight  (benificial) 

=  1.5  +  0.2  X  24 

=  6.3  KN/m^ 
Design  load  =  -6.3  x  1.4  -  3  x  1.6  +  5  x  1.6 
=  —5.62  KN  ie  downward 

The  downward  loading  is  chosen  for  this  is  the  worse  case.  The  negative 
value  in  the  second  calculation  shows  when  blasting  occurs.  The  load  is 
balanced  by  the  downward  imposed  load,  dead  load  and  self-weight  of  the 
roof  slab. 


Design  load  =  14.67  KN/nr 
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10.8.5  Design  of  Roof  Slab 

The  roof  slab  will  be  connected  to  the  top  beam  flange  by  bolting,  it  is  assumed 
that  the  slab  is  simply  supported  at  four  sides.  For  in  reality  it  is  actually 
partially  fixed,  reinforcement  is  provided  at  the  top  of  the  slab  to  overcome 
the  fixed  end  moment. 

In  general  this  type  of  slab  could  deflect  about  both  axis  under  load  and  the 
corner  lift  and  curl  up  from  supports  causing  torsional  moments  then  the 
moment  coefficient  is  used  and  the  maximum  moments  are  given  by 


And 


M„  =  a  5,.-  nL  X 


Msy  =  Qt  S,,  nL  X 


Where  M^  =  moment  at  the  mid  span  on  the  strips  of  unit  width  in  Lx 
direction; 

Msr  =  moment  at  the  mid  span  on  the  strips  of  unit  width  in  Ly  direction; 

n  =  total  ultimate  load  per  unit  area; 

Lx  =  the  length  of  the  short  side; 

Ly  =  length  of  the  long  side; 

a  5t  and  =  a  S,,  are  the  moment  coefficients. 


Design  for  bending  and  short  span  of  slab 


Fig.  10.12  Loading  area  of 
the  roof  slab,  (a)  Slab  depth 


Ly  =  6.5  m 


Lx  =  3.25  m 
Table  cover  =  40  mm 

<i=200-40==  160 

Msx  —  oiS^^nL'x 

=  0.118  X  14.67  X  (3.25)-  =  18.28  KNm 

M„.  18.28  X  10^ 

=  0.023 


bcPfn      1000  X  (160)^  X  30 
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Lever  arm,  z  =  0.94d  =  0.94  x  160  =  150  mm 
M„  18.28  X  10^ 


As 


=  305  mm  =  per  m  width 


0.87/;, _-      0.87  X  460  x  150 
Use  T12  @  300  centre-to-centre  checking  for  maximum  span 


M, 


18.28  X  10^ 


bcP       1000  X  (160)^ 


0.71 


Service  stress  =  -  x  460  x  — —  =  233 

8  377 


maximum  a,5jf!ljj^  =  20  x  1.8  =  36m 

Reartual  sP^n  _  3250 

^^^""^  effective  depth  -  TW 

~  20.3  m  <  36  m  O.K  200  mm  thick  slab  is  adequate 


10.8.6  Design  for  Bending  and  Long  Span  of  Slab 


Msy  =  aSyfiL'-x 

=  0.029  X  18.28  X  (3.25)^  =  5.6 KNm 

As  this  reinforcement  is  at  inner  depth  after  the  previous  one  the  effective 
depth  is  reduced  to 


Z=  160-  12=  148  mm 

M„.  5.6  X  10^ 


.-.A,  = 


0.87/j._-      1000  X  200 
lOOAs        100  X  95 


=  95  mm/m  width 


bh         1000  X  200 


=  0.05<0.13 
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Minimum  transverse  steel  ratio  =0.13 
100^, 


bh 


=  0.13 


,       0.13x1000x200      ,,^        2, 

As  = =  260  mm  /m  width 

100  ' 


Use  TIO  @  300  centre  to  centre.  (TlO-300) 
T10  @  300 

1^40 


200 


T12  @  300 

10.8.7  Design  of  Roof  Frame 

Calculation  of  forces  in  the  chords 


310  kN    310        310        310         310        310        310         3 

0         3 

10 

,3.25  m 

\ 

\ 

/ 

/ 

LO 

\ 

\ 

Z' 

/ 

CO 

\ 

\ 

/ 

/ 

1 

-R 26  m 

t 

' 

'  550  kN 

1 

Fig.  10.13  Roof  frame 


Fig.  10.14  Top  chord 


,99.6  kN/m 


A-A 


10.8     A  Nuclear  Laboratory:  A  Case  Study 


627 


From  previous  calculations,  roof  load  =  14.67  KN/m^ 

Requirement,  point  load  =  14.2  x  3.25  x  6.5  =  310  KN 

Self-weight  of  the  girder,  assume  =  3  KN/m  x  1.4  =  4.2KN/m 

BM  @  centre  =  2710  x  26  -  310(22.75  +  19.5  +  16.25  +  13  +  9.75  +  6.5+ 

3.25-f  (26)  =  35,  lOOKNm 

Force  in  chords  =^^—  10, 860KN  i.e  top  chordl0,860  compression 
bottom  chord  10,860  tension 

Design  of  top  chord 

udl  on  top  chord  =  14.67  x  6.5  +  3  x  1.4  =  99.6  KNm 
3  KN/m  =  self-weight  of  girder 
Buckling  about  Y-Y  axis 

With  the  precast  slab  top  flange  is  fully  restrained 


A^  =  ;^  take  Py  =  410  N/mm^ 


A^: 


Try  A^^ : 


10800x10^  _ 
410x10-1 

300 cm^;  356  x  406  x  235  UB 


264  cm2 


M  = 


wL-  _  99.6  X  (3.25)^ 
l6"~  16  ' 

410  X  300  X  10^ 


PyAg 


103 


65.75  KNm 


1923  KNm 


uc 
356  X  406  X  235 


M       10800     65.75 


PyAg     pbs,      12300      1923 


0.91<1C>.^ 


Design  of  bottom  of  chord 
Direct  load  =  10,800  tension 


356  X  406  X  235 
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/■       10800  X  10^      ,,,       2 


Use  356  X  406  x  235  UB  (Ag  =  300  cm^) 
Design  of  vertical  member 


R=2710kN 


/., 


0.85  X  3.25  =  2763  mm 


/„  =  0.85  X  3.25  =  2763  mm 


Taking  533  x  210  x  82  C/fi 

rv  =  21.3  cm  Ag  =    104  cm^ 
/-,,  =  4.38  cm 

I 


63.08 


2763 
4.38x10  " 
2763     _  12,97 


■y 

}        

■^"  ~  21.3x10 

P,  =  327N/mm2 


533x210x82  UB 

Member  strength 

=  -ill  X  104  X  10- 

=  340iyi:A^>27107^A^O.7^ 

Design  of  diagonal  member 
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T=^ 


R 


sin  45 
2710^/2  =  3833A:Af 


244<i16 


(Ag  llScnr^) 


Use  circular  hollow  section 

_  3833  X  10^ 
^~  410  X  102  " 


93.4  C7«^  Use  2440l6(Agl5cw2) 


10.8.8  Design  of  Braced  Column 

Structural  analysis  to  evaluate  the  moment  in  outer  column. 


1 

2 

3 

4 

V 

/\ 

/\ 

/' 

m  0 

146.1 

'            \ 

^ 

^^            146.1 

36062.2 

Uniformly  distributed  Had  roofing  truss  beam  =  95.4KN 


mi 


:s: 


Point  load  specified  ^  500^yV+  ^^  =  550^A^ 


1.083/£'/ 


/n=./44=l/3(3.25)(l)(l)i?/ 
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fii  -/33  =  l/3(3.25)(l)(l)i?/ 


m 


17.75/ EI 


/i2=,/34-l/3(l)(l)(3.25)/i'/ 


1714 


1.083/EI 

^43=/ 
./41  =  ./l4   =    0 
,/31  =  ./l3    =    0 
,/32  =./412  =  l/3(50)(l)(l)/i'/ 


18029 


18029 


B.M 


17812 


17872 


diag. 


18233 
Fig.  10.15  Braced  column  using  flexibilities  analysis 

=  16.67 /EI 

A,  =  A,  =  l/3(3.2)(146.1)(l)/£/ 

=  170.45 /EI 


601207 
EI 


1.083     1.083        0 
1.083     17.75     16.67 
0        16.67     17.75 


0 


0 


1.085 


0    1 

'Xl' 

'  170.45" 

0 

Xl 

601207 

1.083 

x^ 

601207 

1.083. 

.Xa. 

.170.45. 
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x\ 

Xi 
X4 


-16.57 

166.7      - 

-166.7 

66.68 

166.6 

-166.7 

166.7      -166.7 

-166.7 

16.67      - 

-166.7      166.7 

166.7 

-166.7 

166.7      -166.7 

"-17872- 

or  ~ 

18.29 

18029 

-17871 

170.45 
601207 
601207 
170.45 


M  =  Mq  +  M\.xi  +  M2X2  +  M3.\'3  -I-  M4X4 

Ml  =  -17871. 7^7V7M 

A/mid2and3 

M=  36062.2-  18029.1 
=  18233.2KNm 

From  the  calculation  it  can  be  seen  that  if  the  outer  column  is  totally  fixed 
and  the  inner  column  behave  as  a  simply  supported  column,  the  outer  column 
will  take  the  rotation  moment  and  the  inner  column  wiU  take  the  maximum 
load. 

Load  supported  by  the  inner  column  =  1/2(550)  +  95.4(50/2)  +  3.25(95.4/2) 

=  2815A'jV 

Load  from  blasting  UDL  =  5  x  6.5  =  176.8  KN 

By  assuming  there  is  no  lateral  displacement  at  the  top  of  column 

R  =  176.8  X  5.5  =  972.4  KNm 
BMat0  =  97.24  x  20.4  -  176.8(17  +  13.6  +  10.2  +  6.8 
=  10820  KNm 


Force  in  chords  due  to  blast  loading 


10820 

3.25 


3329  KN 


Inner  Column  C  Compression. 

Total  axial  load  =  2815  +  3329 
UDL  =  i|M  =  52  KN/m 
m  =  5^^  =  37.57 

UseUC 

Assume  Pc  =  200N/mm^ 


6144  KN 
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.     ^      6144  X  10^      ,^^  ^      , 
Ag  required  =  ^^^  ^  ^^^  =  307.2  cm-' 


Try  UC  356  x  406  x  287 

,-,.  =  16.5  r,  =  10.3  Sr  =  5820 

.        289   ■  340       „ 

^.=  j^=17.5.„^  — ^33 

P,.  =  242N/mm^ 


Pi,  =  265  N/mm^ 
„,  =  ?5i2_^=, 542.3 


Iteration 


Fig.  10.15  Braced  columns 
of  a  frame 


2815        kN 

' 

r                                         R 

^  i    4fi.24° 

-^"^J 

43.71°     ^\^ 

176.8  kN 

^^ 

L                        ■"" 

\ 

^^ 

176.8  kN 

^\^ 

^ 

^ 

^ 

^^ 

176.8  kN 

^^ 

^ 

\ 

^^^ 

176.8  kN 

'^^^ 

^ 

^ 

^ 

^^ 

176.8  kN 

^^ 

■--. 

~-^ 

^\^ 

176.8  kN 

"~^ 

"\ 
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6144  kN 


52  kN/m 


"^ 


^ 


UC  356  X  406  x  287 


6144       37.52 


8857.2      1542 


0.718<1C>.A: 


Design  of  outer  chord 

Bending  moment  due  to  roof  loading  =  17,872  KNm 

Therefore  tension  in  the  chord  =  ^i^  ~  438  KN 


Force  in  chord  due  toblasting  =  33.92  KN 
Total  =  3767  KN 

AsuumePc  =  0.9  x  265  =  240KN/mm^ 
Ag  =  ™J.^l°/  ^  156.9cm2 


240  X  102 


Try 


C/C=356x368x  129(165) 
Tension  resistance  =  265  x  165 
=  4372.5  KN>  3161  KN  is  O.K 


10.8.8.1  Design  of  Diagonal  Ties 
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356  X  368  XI 29  UC 


^1 


972       . 
cos  46.29 


Py  =  265N/mm 


1406.6KN 

2 


A^ 


1407x10-' 


53.1  cm^ 


265x10- 

Try203  x  203  x46(58.8)C/C 

Strength  265><|j#><10:  =  \5%%KN>U06KN  O.K 


972.4 


Fig.  10.16  Diagonal  ties 


203  X  203  x  46  UC 
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10.8.9  Design  Base  Plate  for  Inner  Column 

Design  load  =  6144  KN 

Chosen  design  strength  of  the  concrete  foundation  =  7.5  N/mm^ 
As  required  =  6M4|lo!  =  %\9,2QQ mm^  =  905  x  905mm- 


Use  910  square  base  plate 

Actual  pressure  under  the  plate  =  ^^'^'^'^ '" 


905x905 


7.42  N/mm^ 
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Fig.  10.17  Inner  column 
base  plate 


910 

399 

394 

910 

' 

b  =  258 

1 

' H- 

a  =  255.5 


Thicknes  of  base  plate  t 


2.5x7.42 
265 


[255.52-  0.3(258)^]  =  56.3  mm 


910 


910 


thickness  =  60  mm 


User  60  mm  thick  plate. 


10.8.10  Design  of  Base  Plate  for  Outer  Column 


Designload  =  95.4x2|5, 
For  concrete  foundation 


As  required 


155x10^ 

7.5 


155  KN 
7.5N/mm^ 


20,670mm2=  144  mm^ 


700  small  for  the  column 

Chosen  500  x  500  square  base  plate 

Actual  pressure  under  the  plate 


155x10-' 


500  X  500 


=  0.62  N/mm^ 
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Fig.  10.18  Outer  column 
base  plate 
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500 


368 

500 

356 

72 

^ 

, 

^ J 

1     66 

T-,  •   ,  f     1    t     t  /2.5x0.62|66=-0.3(72)-1 

Thickness  01  plate  t  =W h,^ — ^—^-^ 

t  =  4  mm 

Use  25  mm  thick  base  plate. 


500 


500 


thickness  =  25  mm 


10.8.11  Design  for  Wind-Loading  Resistance 


Basic  design  wind  speed  =  40  m/s 
Class  3B 

Total  weight  =  40.8  +  3.25  =  44.05 
^2=  1.02 

Vz  =  V  X  S\   X  S2  X  St, 
Si=S3^l 

v_.  =  40  X  1  X  1.02  X  1  =  40.8m/sec 

q  =  kvl 

/c  =  0.613 

^  =  0.613  X  40.8=  1020  N/m^  =  1.02KN/m^<5KN/m^ 
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As  the  loading  is  less  than  the  blasting  load  which  was  the  design  load  for  the 
column  frame  in  direction  parallel  to  the  main  frame  no  bracing  required  in  this 
direction. 

Design  of  bracing  in  direction  perpendicular  to  the  main  frame. 


1.125 
:  0.847 


/  _  58.5  _ 

w  ~    52    " 
h  _  44.05 
h~     52 

cf=  0.95 

^  =  0.969<5KN/m^ 


Fig.  10.19  Plan  of  TlOO  beam  at  the  edge  braced  for  wind 


40.8x3.25 


=  795.53A:7V 


Pressure  in  x  direction 
q  =  0.969  X  1.4  =  1.3566  AHN/mm^ 
Horizontal  load  on  column  x-  x{\) 

^(3.25) +^(50)1.3566^ 

=  26.625  X  1.3566  =  36.l2KN/m 
Therefore  horizontal  load  on  topof  column=  36.12  x       ^ 
But 
Horizontal  load  on  the  frontjoint  of  thewind  girder  =  3.25  x  1.3566  =  4.4  KN 

R  =  ':'^^  =  35.21  KN 
2 
BM  at  the  centre  =  35.27(f)  -4.4(22.75  +  19.57  +  16.25  +  13  +  9.75  + 

6.5  +  3.25)  =  5l6.66KNm 

Force  in  chord  =  — -^—  =  79.49  KN 


79.49 


6.5 

m. 52  KN 


cos  63.4 

Use  M  24  MSFG 

Slip  resistance  =  201  KN>  Ml. 52  KN 

For  the  size  and  no.  of  bolt 

Use  200  X  100  X  10  unequal  angle 
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3.25 


-* 79.49  kN 


z 


Fig.  10.20  Analysis  for  diagonal  ties 


Fig.  10.20a  Diagonal  ties 

200  X  100  X  10  UA 


6.5  m 


PLAN 


Oe  ~  Cll  + 


3fl| 


3fli  +  02 


ai 


79.49  kN 


m 

24 

58 

'm 

24 

58 

W// 

24 

■//// 

58 

" 

(,0 

\                           1 

a2  =  (200 -48)10=  1520 

a.  =  1520  +  (  ,,_1^    ,L^.  1 1000  =  2340 mm^ 


,3(1520+1000) 

1240x265 
Strength  =  pyAe  = —3 

=  620  KN  >  177.52  KN  O.K 


100 
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10.8.12  Design  of  Diagonal  Ties  of  Two  Edge  Column 
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tan0  =  ^ 

B  = 

61.61° 

F  = 

=  35.27 

cos 

82.59  = 

241. 6^A^ 

Use  3  M  24  HSFG 


6.5 

qc  97  \,K\ 

\ 

44.05 

7 

/          e\ 

m 

24 

58 

m 

24 

58 

///// 

24 

71// 

58 

t-o 

\                                                       / 

100 


Use  200  X  100  x  10 


flp  =  a\  + 


3ai 
3ai  +fl: 


02 


ai  =  (200  -  3(24)10)  =  1280 mm^ 


1280 


/      3(128 
V3(1280)H 


207  mm 
Strength  —pyts.e 


1000 


1000 


2073x265 


549.4ii:7V>241.6^7V  .-.  O.K 
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SIDE  VIEW 
200x100x10  UA 


44.05  m 


6.5  m 


10.8.13  Foundation  Design 

N^  6144  KN 

M=  37.57  KN 

N=  6144  KN 

Pile  load  ^^^  1536  KN 


295 


750 


M=  2  X  1536  X  0.295  =  906.2 KNm 
M  906x10^  ^^^^3 


bd^cu      30x2300x715 
Lever  armz  =  0.94^ 
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906  X  10^ 


0.87  X  460  X  0.94  x  715 


3368  mm 


Use  8v  25  (3930  mm^) 
(b)  Shear  clieckingPunching  around  the  base  plate 


6144  X  10^ 


2.36iV/mm2 


u,d     4  X  910  X  715 

<0.8v{7™  Shear  O.K 
l.5d=  1.5  X  715  =  997.5 
>950 

Distance  from  column  centre  to  outer  diameter  of  pile.  No  checking  for  shear 
perimeter  is  required.  Enhanced  Shear 

Thickness  of  cap  =  800  mm 
Pilediameter  =  500  mm 


500 


Fig.  10.21  Foundation 
design 


,400       1500  400, 


(a)  Reinforced  design  Enhanced  shear 


Adverse 


Beneficial 


6144 

N= =  3070 

2 
M      37.57      ^ 

—  = =  25.05 

d         1.5 

Total  P  =  3097 

Load  per  pile  =  1548  KN 


2(1.5) 
M      37.57 


■  20.48 


=  25.05 


d         1.5 
Total  P  =  2073 
Load  per  pile  =  1037  KN 


v=  15.48  KN 

_  2  X  1548  X  10^ 
2300  X  715 


1.88  N/mm^ 
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100/1, 


100x3900  . 


hd     ~  2300x715  ~ 

V,.  =  0.42  N /mm- 


0.239 


\'c  X 


Id 


0.42  X  2  X  215 


=  2.04N/mm- 
>QA2N/mn?  V^O.K 

No  link  required. 


10.8.14  Wall  Design 

^1 1 .8  kN/m 


10.8 


Wall  loading 


it'=  11.8KN/W 

Bending  moment  M  =  ^  =  "■^''g'°'^° 

=  172.0KNm 


M 


172x10" 


hcPf,,,         1000x200^x30 

Lever  armz  =  0.8(i 


0.14 


172x10' 


~  0.87x30x0.8x200 

26%6A6mn? 


Use  725-175  (28100  mm-) 


10.8.15  Beam  Design 

Assume  each  beam  is  of  6.5  m  span  and  simply  supported 
Area  of  slab  precast  unit  =  50x10.8  =  540  m^ 

Self-weight  of  the  precast  unit  =  0.2  x  24  =  4.8  KN/m^ 
Design  loading  =  1.4  x  4.8  x  10.8  =  72.58  KN/m 
Bending  moment  M  =  12.^^^  ^  383.4KNm 
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Fig.  10.22  Beam  design 


column        hanger 


t 

wall 
beam 

DOOR 


643 
wall 


wall    column 
50  m 


( 


72.58  kN/m 


6.5  m 


Assume  use  of  compact  section 

Sx  required  =  S  =  5  M 
=  5  X  383.4 
=  1917  cm^ 

Consider  533  x  210  x  92  UB 

Section  properties 


D  - 

=  533.1  mm 

B  = 

=  209.3  mm 

t  = 

10.2  mm 

T  = 

=  15.6  mm 

r  = 

12.7  mm 

d  = 

=  476.5  mm 

'\  = 

=  4.51  cm 

s. 

=  2370  cni^ 

X  = 

-  36.4 

Py 

=  265  N/mm 

Compact  check 

B-t  209.3-10.2      ,,^ 

-^ '■  = ^ 12.7 

2  2 

=  86.85  WOT 


,.Flange,|  =  ^=5.57 


15.6 
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9.5£=9.5  X  1.02  =  9.69 
>  ^  flange  check  O.K 
46.7 


476.5 
10.2   ~ 

98£=98  X  1.02 


:.Web,'^ 


> 


web  check  O.K 


Shear 

R  =  Ti^(f^  =  234KN 

Shear  capacity  =  0.6  x  265  x  10.2  x  533.1 

>  R  Shear  capacity  O.K 
Bending  capacity  =  265  x  10.2  x  [20  - 

>  R  Bending  capacity  O.K 
Buckling 

Slenderness  ratio  a  =  ^^j^f^  =  1 16.8 
;;,  =  98  N/mm^ 

Web  buckling  =  98  x  10.2  x  (20 
Deflection 

5    wL^ 
^  384  EI 


^64.6KN 

(15.6+12.7)]  =245.3KN 


«M) 


286.4^Af 


5  X  72.6  X  6.5^ 


L 

200 


384  X  205  X  106(5.54  x  lO-") 

6.5 
200 
0.032  m  >  0.015  m  Deflection  O.K 


0.015m 


10.8.16  Column  Design 


1814.4  kN 


30  m 


(a) 
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Fig.  10.23  Column  design  ^ip 


40 


Height  of  column  =  30  m 

1  fi  V  _ 


Working  load  =  1.4  x  4.8  x  ^  =  18 14.4  ^A^ 


For  grade  50  steel 

Design  strength  Py  =  265  N/mm 
Effective  length  Le  =  0.7L 
=  0.7  X  30  =  21  m 
Design  load  =  1814.4  iiTiV 
Column  strength  =  p^-Ag 

Assume 

1 


2 


P,  ==  50  N/mm^ 


1814.4x10-' 


36, 288  mm^  =  363  cm^ 


i  ~  50 

try  356  x  406  x  393  UC  (Ag  =  505  cm^) 

ry  =  10.5  cm 
1,  =  2M  =  200 
P,  =  41  N/mm^ 


Strength.  41x^^^  =  2070.5^iV 

>1814.4KN  Column  strength  O.K 
F         M 

=  0.95<1 


PcAg     Mh 
1814.4      44.6 


2070.5      636.5 


10.8.16.1  Design  of  Base  Plate 

Design  load  =  1814  KN 

Given  design  strengthof  concrete  =  7.5  N/mm^ 
Area  =  i8i4xio!  ^  241866.7 mm^  =  491.8  x  491.8 
Use  500  square  base  plate 

Actual  pressure  under  plate  =  5Qotr5Q°o  =  7.26  N/mm^ 
Plate  thickness 


2.5^^2^1(47  X  72)  -  (0.5  x  47  x  72)1  =  10.77  mm 
265 

■f:T 
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.  Use  50  mm  thick  plate 

PcAg  =  ^'^^°Q^,^'°'  =  2070.5^jV 

5^  =  4160cm2 

x=7.86 

ly     =    200 

Ph=  153N/mm^ 
PbS_^  =  153  X  4160 
636.3  KNm 

Hanger  Design 

Hangers  Chosen  203  x  203  x  46  UC 

P,.  =  460  N/mm^ 

^  =(!)-=  0-59 


M' 


Fig.  10.24  Column  design 
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101.6 
II 


9.23 


15s  =  11.72>f 


Effective  area  =  53.1  cm 

Minimum  value  of  elastic  modulus  Z  =  365  cm^ 

Moment  capacity  of  major  axis 
M,x  =  363  X  If  =  163.35  KNm 

The  applied  axial  load 
/=  (2  X  120  +  590)  X  0.0088  =  7.30  KNm 

Substitute 


M,.        830  X  10 


7.3 


A,Py     M„.      53.1x450      163.35 
<  1  .-.  O.K 


0.40 


-J^^ 


533x210x82  UB 


GUSSET  PLATE 


356  X  406  X  255  UC 


777TT77TT77TT7TTT7777t 
L 


203  X  203  X  46  UC 


PACKER 


533x210x92  UB 


SCALE  1:10 


DETAILING  1  AND  6 


Fig.  10.25  Connections  details 
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DETAIL  DRAWING  3 


Fig.  10.25a  Structural  detailing  for  the  bottom  chord 


2300 


910 

n        n 

910 

2300 


Fig.  10.26  Pile  cap 
arangement 


J.  L 


8725 


SCALE  1  :  40 


300 


*-  500 
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356  X  406  X  235  UC 


\ 


\ 


|\l.\\\\\\\\\\\\\\\\\\\\\\S\S'vS\S'v\\\\\W\\\\\\\>l\| 


533x210x82UB 


VERTICAL  BEAM 


\s\\\\\\\\\\\\\\\\\\\\\\\'\\\\\W 


Scale  1 :5 


DETAIL  DRAWING  10 


Fig.  10.27  Detailing  top  chord  and  vertical  beams 


DETAIL  DRAWING  9 


254  x  254  X  167  UC 


12  mm  weld 


356  X  406  X  235  UC 


Fig.  10.28  Beam  -  column 
connectors 


X 
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DETAIL  DRAWING  5 


Fig.  10.30  Columns  top  and  bottoms  with  bracings 


PLAN 


900  mm 


500  mm 


n        i 


;  I     356x368x129  UC 

® 


900  mm 


Fig.  10.31  Columns  to  foundations 
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Prestressing  Systems  and  Anchorage  Design 


General  Introduction 

Prestressed  concrete  has  attained  worldwide  recognition  in  the  development  of 
industrialised  construction  and  design.  Prestressing  consists  of  introducing 
imposed  deformations  by  tensioning  prestressing  wires,  cables  or  strands  and 
tendons  to  a  high  stress  which  decreases  with  time  due  to  various  losses  such  as 
shrinkage,  creep,  steel  relaxation,  friction  and  wobbling  effects.  The  word 
prestress  is  associated  with  the  following: 

(a)  pretensioned  concrete 

(b)  post-tensioned  concrete 

In  the  case  of  pretensioned  concrete  structures,  the  tensioning  of  the  tendon 
is  carried  out  before  concreting.  The  prestressing  force  is  held  temporarily  either 
by  a  specially  constructed  prestressing  bed  or  by  a  mould  or  form.  When  the 
concrete  strength  reaches  the  specified  transfer  strength,  detensioning  and  stress 
transfer  to  such  structures  can  be  performed.  In  practice  these  structures  are 
prefabricated. 

In  the  case  of  post-tensioned  concrete  structures,  the  tensioning  of  the 
tendon  is  carried  out  after  casting  and  hardening  of  the  concrete.  This  method 
is  more  effective  in  the  design  and  construction  of  high-rise  and  long-span 
concrete  structures.  The  design  and  detaihng  of  such  structures  are  influenced 
by  the  serviceability  classification,  which  includes  the  amount  of  flexural  tensile 
stresses  allowed  while  carrying  out  the  design/detailing  of  such  structures.  They 
are  then  classified  into  individual  classes  which  are  given  below: 

Class  1:  no  flexural  tensile  stresses. 

Class  2:  flexural  tensile  stresses  but  no  visible  cracking. 

Class  3:  flexural  tensile  stresses  but  surface  width  of  cracks  not  exceeding 

0. 1  mm  for  members  in  very  severe  environments  and  not  exceeding 

0.2  mm  for  all  other  members. 

The  structural  detaihng  of  prestressed  concrete  members  must  take  into 
consideration  durabihty,  fire  resistance  and  stabihty.  The  relevant  codes  EC2 
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and  BS  8110  which  should  strictly  be  followed  for  the  correct  evaluation  of 
design  ultimate  loads  and  the  characteristic  strength  of  concrete  and  steel. 

Generally,  high-strength  concrete  is  used  for  prestressed  concrete  work.  The 
steel  used  in  prestressed  concrete  is  generally  of  a  much  higher  strength  than 
mild  steel.  This  aspect  is  discussed  later  on  in  the  choice  and  evaluation  of 
prestressing  systems. 

Material  data  and  prestressing  systems  are  given  on  Plates  AlA.l  to  AIA.7 
provided  by  the  manufacturers.  In  such  the  prestressing  tendons  can  be  bonded 
and  unbonded.  The  structural  detaihng  is  affected  when  the  prestressed  con- 
crete structure  is  designed  with  bonded  and  unbonded  tendons.  Before  the 
prestressing  load  is  transmitted  into  various  zones  of  concrete  with  bonded  or 
unbonded  tendons,  it  is  necessary  to  protect  the  areas  immediately  under  the 
anchorages  against  bursting  effects  caused  by  large  loads  generated  by  prestres- 
sing tendons.  In  such  cases,  the  areas  below  anchorages  must  be  designed  by 
providing  anticrack  or  burst  steel. 
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'FREYSSI'  MONOGROUP  -  15/15  mm  NORMAL 
STRAND  SYSTEM 
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BBRV  TENDON  SIZES  AND  THEIR  PROPERTIES 


Tendon  reference 

B16 

824 

834 

C42 

C55 

L73 

L85 

L97 

L109 

L121 

No.  of  wires  (7  mm  dia.) 

16 

24 

34 

42 

55 

73 

85 

97 

109 

121 

Characteristic  strength 
using  1570  N/mm^  wire 

967 

1450 

2054 

2538 

3323 

4411 

5136 

5861 

6586 

7311 

Jacking  force  (kN) 
at  80%  of  C.S. 

773 

1160 

1643 

2030 

2659 

3529 

4109 

4689 

5269 

5849 

Jacking  force  (kN) 
at  75%  of  C.S. 

725 

1088 

1540 

1903 

2492 

3308 

3852 

4396 

4939 

5483 

Jacking  force  (kN) 
at  70%  of  C.S. 

677 

1015 

1438 

1776 

2326 

3087 

3595 

4103 

4610 

5118 

Bearing  plate 
Side  lenght  (sq.) 

A 

178 

220 

250 

280 

300 

335 

360 

385 

405 

425 

Thickness 

B 

15 

20 

25 

35 

35 

45 

50 

50 

60 

60 

Trumpet 
Outside  diameter 

C 

120 

133 

154 

154 

165 

194 

219 

229 

229 

245 

Anchor  Head 
Thread  diameter 

D 

100 

115 

130 

90 

98 

125 

130 

145 

150 

155 

Standard  length 

E 

60 

80 

90 

53 

63 

110 

120 

126 

134 

146 

Overall  diameter 

F 

— 

— 

— 

— 

— 

160 

165 

185 

190 

200 

Pull  Sleeve 
Diameter 

G 

— 

— 

— 

130 

144 

— 

— 

— 

— 

— 

Standard  length 

H 

— 

— 

— 

118 

138 

— 

— 

— 

— 

— 

Lock  Nut 
Diameter 

J 

135 

155 

180 

178 

198 

— 

— 

— 

— 

— 

Thickness 

K 

30 

40 

50 

45 

53 

— 

— 

— 

— 

— 

Chocks 
Diameter 

L 

— 

— 

— 

— 

— 

228 

250 

262 

270 

288 

Min.  thickness 

M 

— 

— 

— 

— 

— 

48 

52 

55 

59 

62 

Max.  anchorage 
projection  (Stnd.  comps.) 

N 

67 

87 

97 

118 

138 

205 

219 

228 

240 

255 

Sheathing 
Internal  diameter 

0 

40 

50 

60 

65 

75 

85 

95 

100 

105 

110 

External  diameter 

48 

58 

68 

73 

83 

93 

103 

108 

113 

118 

Lenght  of  trumpet  'p'  =  Extension  +  1 
Extension  +  1 

All  dimensions  are  in  millimetres. 
Plate  AIA.2 


05  mm  (8  type  anchors) 

20  mm  (C  type  anchors) 

(L  type  anchors) 
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SMALL  CAPACITY  TENDONS  UP  TO  2658  kN 


Anchorages 


Combined 
bearing  plate 


M0.^ 


^Z' 


#»^"  -^ 


WN 

kN 

No. 

Type 

Type 

Ref.  No. 

mm             mm 

mm 

mm 

mm               mm 

axb           cxd 

e 

f  x  g  dia.       h  X  g  dia. 

B 

150x150  138x138 

76 

J 

150x150 

483 

387 

8 

F 

SR 
SL 

32 

120x120 

120x150 

60  X  300 

30 

1524x310  1344x310 

B 

175x175  171  X  171 

89 

J 

175x175 

966 

773 

16 

F 

SR 
SL 

64 

160x160 

150x220 

80  x  400 

40 

1524x310   1344x310 

B 

200x200    197x197 

108 

J 

200  X  200 

1450 

1160 

24 

F 

ss 

SR 
SL 

100 

220  X  220 

220  X  220 

160x300 

80  X  560 

50 

1524x310   1344x310 

C 

E 

250x250    235x235 
235  dia. 

127' 

1872 

1498 

31 

SS 
SR 
SL 

130 

260  X  260 
180x360 
120x560 

55 

1524x340   1324x340 

B 

250x250   235x235 

127 

J 

250  X  250 

2054 

1643 

34 

F 

SS 
SR 
SL 

138 

260  X  260 
260  X  260 
180x360 
120x560 

55 

1524x340  1324x340 

C 

E 

280  X  280  241  x  267 
270  dia. 

152, 

2537 

2029 

42 

SS 
SR 

SL 

170 

300  X  300 
200  X  450 
140x650 

65 

1880x440   1580x440 

3322   2658     55 


300x300  267x305    152 
E  300  dia. 

SS  220  340  X  340 

SR  220  X  500 

SL  160x700 


75     1880x440   1580x440 


Type  A300-500  Type  A600-800  Type  E 


mfe^  (rf^    ^uri^  ^^ 

Type  J 


TypeSS.Sr.  SL 


Plate  AIA.3 
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.  Vent  pipe  3/4"  0 
Formwork 


Wire  stop  plate 

Anchorage  plate 


ffi!;ii!^"}i;ii~f»!>i;S      '''  I     <' '    , ;;', 


Specify  length  over  bearing  plates 


Plate  AIA.4 


TYPE  'F'  FIXED  ANCHORAGE 

A  fixed  anchorage-consisting  of  a  rectangular  steel  plate  drilled  to  receive  the  individual 

button-headed  wires  seated  directly  on  this  plate.  A  thin  cover  plate  retains  the  button 

heads  during  fixing. 

With  this  anchorage,  the  prestressing  force  is  transferred  to  the  concrete  through  the  plate. 

Type  'F'  anchorages  are  normally  used  in  connection  with  movable  anchorages  of  the  Type 

'B'  series. if  there  are.  several  tendons  in  one  part  of  a  structure.it  is  advisable  to  put  half  the 

Type  'F'  anchorages  at  one  end  and  half  at  the  other. 

The  anchorage  is  fastened  to  the  formwork  with  a  pipe  which  serves  at  the  same  time  as  a  vent 

or  as  a  grout  connection. 

This  pipe  passes  through  the  plate  and  should  be  well-greased  prior  to  fixing  to  facilitate 

removal  after  grouting. 


TypeF 
anchorage 

Type  designation 

F32 

F64 

FlOO 

F138 

Steel 

wires  per 
anchorage, 
number  7  mm 

maximum 

(0.276") 

dia. 

8 

16 

24 

34 

mm 

in 

mm 

in 

mm 

in 

mm 

in 

Anchorage 

side  length 

Sp 

120 

4.72 

160 

6.30 

220 

8.66 

260 

10.24 

Thickness 

Dp 

15 

0.59 

25 

0.98 

40 

1.58 

50 

1.97 

End 

outer  diameter 

Dt 

87 

3.43 

112 

4.41 

128 

5.04 

148 

5.83 

trumpet 

Connection, 
outer  dia. 

D, 

35 

1.38 

45 

1.77 

55 

2.17 

60 

2.36 

Length 

Lt 

200 

7.87 

250 

9.84 

300 

11.81 

350 

13.78 

Hehx 

outer  diameter 

Ds 

120 

4.72 

160 

6.30 

220 

8.66 

260 

10.24 

Length  (approx.) 

Ls 

250 

9.84 

250 

9.84 

250 

9.84 

250 

9.84 

Distance  of  centre  vent  pipe  to 
tendon  axis 

e 

0 

0 

0 

0 

35 

1.38 

45 

1.77 
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TYPICAL  TENSILE  LOAD  EXTENSION  GRAPH 
FOR  7  mm  DIA.  PLAN  HIGH  TENSILE  WIRE 


{ 

/ 

/ 

L 

L- 

/ 

7 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

/ 

-z. 

/ 

Q 

1 

y       M 

/ 

/ 

1 

' 

/ 
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Nominal  Tensile  Strength                                            ^  ^70  N/mm' 

1670  N/mm 

/ 

Characteristic  Breaking  Load                                   ^°"  ^'^ 

64.3  KN 

/ 

/ 

5 

Nominal  Cross  Section                                                38.5  mm 

/ 

Nominal  Mass                                                             0.3021  Kgs/metre 

/ 

1 

C 

0 

2 

0 

4 

0 

%E 

6 
LON 

0 
GATi 

8 
ON 

1 

0 

1 

.2 

1 

4 

Plate  AIA.  5  Load-Elongation  diagram 
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CABCO/MULTIFORCE 
DEAD  END  (BURIED)  ANCHORAGE 


CABCO/MULTIFORCE 
STRESSING  ANCHORAGE 


STRANDS 

POST  TENSION 
GRIPS 

Cabco  strand 
anchorage 


GROUT  HOLE 


C.C.LTUBEUNIT 
TYPE  T4' 


3/8"  DIA.  HELIX  WELDED 
TO  TUBE  UNIT 


BEARING  PLATE 


POST  TENSION 
GRIPS 


TUBE  UNIT 
FIXING  HOLES 


Plate  AIA.6  CCL.  System 
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CABCO  PRESTRESSING  TENDON  MAIN  DATA 

Anchorage 

Sheath 

Tendon 

Eorces 

(kN) 

size 

internal 

Anchorage     System 

Tendon* 

Pk 

0.8  Pk 

0.7  Pk 

mm 

dia.  mm 

4/13  STD. 

660.0 

528.0 

462.0 

130 

42 

Ul                  Cabco 

4/13  SUP. 

736.0 

588.8 

515.2 

" 

" 

4/13  DYE. 

836.0 

668.8 

585.2 

" 

" 

4/15  STD. 

908.0 

726.4 

635.6 

175 

51 

4/15  SUP. 

1000.0 

800.0 

700.0 

" 

" 

4/15  DYE. 

1200.0 

960.0 

840.0 

" 

" 

U2                Cabco 

7/13  STD. 

1155.0 

924.0 

808.5 

" 

" 

7/13  SUP. 

1288.0 

1030.4 

901.6 

" 

" 

7/13  DYE. 

1453.0 

1170.4 

1024.1 

" 

" 

4/18  STD. 

1480.0 

1184.0 

1036.0 

175 

51 

4/18  DYE. 

1520.0 

1216.0 

1064.0 

" 

" 

7/15  STD. 

1589.0 

1271.2 

1112.3 

215 

75 

7/15  SUP. 

1750.0 

1400.0 

1225.0 

" 

" 

Cabco 

7/15  DYE. 

2100.0 

1680.0 

1470.0 

" 

63 

U3 

12/13  SID. 

1980.0 

1584.0 

1386.0 

215 

81 

12/13  SUP. 

2208.0 

1766.4 

1545.6 

215 

" 

Multiforce 

12/13  STD. 

1980.0 

1584.0 

1386.0 

215 

" 

12/13  SUP. 

2208.0 

1766.4 

1545.6 

215 

" 

7/18  STD. 

2590.0 

2072.0 

1813.0 

245 

81 

7/18  DYE. 

2660.0 

2128.0 

1862.0 

" 

75 

U4                 Cabco 

12/13  DYE. 

2508.0 

2006.4 

1755.6 

" 

75 

12/15  STD. 

2724.0 

2179.2 

1906.8 

" 

81 

12/15  SUP. 

3000.0 

2400.0 

2100.0 

" 

81 

Cabco 

12/15  DYE. 

3600.0 

2880.0 

2520.0 

265 

81 

19/13  STD. 

3135.0 

2508.0 

2194.5 

»i 

" 

U5 

19/13  SUP. 

3496.0. 

2796.8 

2447.2 

" 

" 

Multiforce 

12/15  STD. 

2724.0 

2179.2 

1906.8 

245 

" 

12/15  SUP. 

3000.0 

2400.0 

2100.0 

245 

" 

12/15  DYE. 

3600.0 

2880.0 

2520.0 

265 

" 

25/13  STD. 

4125.0 

3300.0 

2887.5 

300 

90 

U6                 Multiforce 

25/13  SUP. 

4600.0 

3680.0 

3220.0 

" 

" 

13/15  DYE. 

3900.0 

3120.0 

2730.0 

" 

84 

31/13  STD. 

5115.0 

4092.0 

3580.5 

335 

100 

31/13  SUP. 

5704.0 

4563.2 

3992.8 

" 

" 

U7                 Multiforce 

19/15  STD. 

4313.0 

3450.0 

3019.1 

" 

" 

19/15  SUP. 

4750.0 

3800.0 

3325.0 

" 

19/15  DYE. 

5700.0 

4560.0 

3990.0 

" 

" 

U8                 Multiforce 

19/18  DYE. 

7220.0 

5776.0 

5054.0 

" 

" 

5/18  STD. 

1776.0 

1480.0 

1295.0 

362  X  89 

114  X  25 

5/18  DYE. 

1824.0 

1520.0 

1330.0 

" 

" 

Strand-force 

10/18  STD. 

3530.0 

2960.0 

2590.0 

362  X  171 

"  twin 

10/18  DYE. 

3648.0 

3040.0 

2660.0 

" 

"  twin 

*STD.  Standard 

SUP.  Super  Strand 

DYE.  Dyform  Strand 

Plate  AIA.7 
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The  Largest  Tendon  Is  the  BBRV  Tendon  and  Its  Description 
Is  as  Under 

BBRV— Tendons 

General 

BBRV  tendons  consist  of  any  number  of  parallel  wires  having  diameters  of 
4—12  mm  (0. 16-0.47  in.),  anchored  in  a  common  anchor  head  by  means  of  cold- 
upset  button-heads.  For  nuclear  pressure,  and  containment  vessels,  tendons  are 
used  with  121,  163  or  187  wires  of  7  mm  (0.28  in.)  diameter,  corresponding  to 
ultimate  loads  of  770,  1020  or  1200  tons  with  the  quahty  of  steel  chosen. 
Intermediate  sizes  are  hkewise  possible,  as  is  the  use  of  even  larger  tendons. 
Parallel-wire  tendons  have  the  following  advantages  and  disadvantages  in 
comparison  with  strands  or  wire  ropes. 
Tendons  made  from  a  number  of  strands 

The  individual  strand  is  more  flexible,  but  its  component  wires  are  subject  to 
additional  fiexural  and  torsional  stresses  and  thus  (with  the  exception  of  stabi- 
lized strands)  to  greater  relaxation  losses.  A  strand  is  composed  of  wire  of  a 
smaller  diameter  (maximum  approximately  4  mm  [0-16  in.])  and  is  for  this 
reason,  as  well  as  on  account  of  the  additional  stresses,  more  susceptible  to 
corrosion  and  to  stress  corrosion.  It  also  manifests  greater  losses  due  to  friction. 

A  coupling  is  threaded  over  the  outside  threading  of  the  anchor's  bearing 
nut.  As  soon  as  the  required  elongation  has  been  reached,  the  anchor  is  blocked 
by  placing  the  two  semi-circular  chocks  under  the  bearing  nut.  The  anchor  plate 
consists  of  a  concrete  block  with  an  external  helix  that  is  completely  closed  and 
an  internal  reinforcement  of  the  end  of  the  duct.  The  surface  of  the  concrete 
block  is  covered  by  a  steel  plate  25  mm  (098  in.)  thick  in  order  to  obtain  a  clean 
working  surface,  so  that  the  relatively  heavy-tensioning  equipment  can  be 
fastened  on  and  for  the  purpose  of  local  load  distribution.  The  principal 
dimensions  of  this  anchor  construction  are  given  below,  for  example,  with  1 63 
wires  of  7  mm  (028  in.)  diameter. 

Outer  diameter  of  anchor  head  294  mm  (11 .57  in.) 

Height  of  anchor  120  mm  (4.72  in.) 

Bearing  block  610  x  610  x  275  mm 

(24.0  X  24.0  X  1083  in.). 

It  was  first  demonstrated  in  1964,  at  the  Cable  testing  station  in  Germany, 
that  this  anchorage  will  sustain  the  full  ultimate  load  of  the  tendon  without 
undergoing  any  plastic  deformation  itself;  since  then,  the  proof  has  been 
repeated  in  at  least  24  other  ultimate  tensile  tests  carried  out  on  tendons.  A 
supplementary  test  carried  out  by  the  Swiss  Federal  Laboratories  for  Testing 
Materials  and  Research  (EMPA),  in  order  to  estabhsh  the  actual  reserve  bear- 
ing capacity  of  the  anchor  head,  showed  that  the  anchor  with  163.7  mm 


664  Appendix  A 

(0-28  in.)  wires  had  an  ultimate  load  of  1376 1,  while  that  of  the  tendon  which  it 
may  anchor  is  1020  tons  (EMPA  Report  No.  40879,  BORVD964). 

Whenever  possible,  tendons  are  assembled  in  the  factory.  The  wires  are  first 
measured  off  to  the  required  length  on  a  fully  automatic  cutting  bench.  Then  the 
bundle  of  wires  is  passed  through  a  template  and  the  one  anchor  head,  and 
button-heads  are  cold-upset  onto  the  wires  at  this  end.  In  order  to  make  all  the 
wires  parallel,  the  tendon  is  then  pulled  through  the  template  by  pulling  the 
anchor  head.  To  keep  the  differences  in  the  lengths  of  the  wires  in  a  curved  duct 
to  a  minimum,  and  to  preserve  the  parallelism  of  the  wires  even  when  they  are 
wound  onto  reels  for  transport,  the  tendon  is  given  three  to  five  complete  twists 
and  then  bound  at  intervals  of  approximately  3  m  (approx.  10  ft).  Once  the 
tendons  are  reeled  the  factory  work  is  finished. 

On  the  construction  site,  once  the  wire  bundle  has  been  unrolled  off  the  reel 
and  pulled  directly  into  its  duct,  the  other  anchor  head  is  mounted.  Thus  the 
tendon  is  ready  to  be  stressed  from  one  or  both  ends. 


Anchorage  Analysis  and  Design 

Based  on  research  reports  9  and  13  by  C  &  CA  (Now  Concrete  Society 
London). 


General  Formulation 

A  reference  is  made  to  Fig.  AIA.l  for  the  design  analysis 

-  /v  general  longitudinal  stresses 

-  fy  general  transverse  'bursting'  stresses 

-  Ex  general  longitudinal  strains 

-  Ex  general  transverse  'bursting'  strains 

-  P  load  apphed  to  anchorage 

-  2a  1  width  of  bearing  plate 

-  2a  width  of  end  block 

-  t  thickness  of  anchor  bearing  plate 

-  fc  uniform  longitudinal  compressive  stress 

(AIA.l) 


(4a2  —  area  of  duct) 

i?  modulus  of  elasticity 

)'  Poisson's  ratio 

(7i,  fT2.  o'3  principal  stresses,  (Ji  >  (J2>  03  tension  +  ve 

El,  £2,  £3  principal  strains  corresponding  to  71,  etc. 

Ym  mean  normal  stress 
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Fig.  AIA.l  Idealised  end 
block  showing  principal 
notation 
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Compression    Tension 


Corresponding  to  max. 
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bursting  strain  £    max. 


o\ 


(73 


(AIA.2) 


Octahedral  normal  stress 

The  C  &  CA  experimental  tests  were  compared  with  those  of  six  researchers 
and  the  results  are  plotted  in  Fig.  A1A.2  by  Taylor  S.G.C.  The  3D  finite- 
element  analysis  given  in  the  text  has  been  implemented  in  the  program  ISO- 
PAR.  The  analytical  results  are  plotted  on  Fig.  AIA.2. 
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Fig.  AIA.2  Theoretical  and  experimental  transverse  stresses  for  a^ja 
ratio  of  the  uniform  compressive  stress 
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The  plotting  of  conventional  steel  bars  below  the  anchorages  to  take  an  extra 
tensile  stresses  beyond  the  concrete  tensile  stresses  can  be  plotted  with  in  the 
hatched  area  in  Fig.  A1A.3.  In  other  words,  the  tensile  forces  at  a  distance  from 
loaded  face  can  be  easily  plotted  with  hatched  area  at  suitable  spacings.  It  is 
important  to  replace  the  circular  area  by  an  equivalent  square  area. 

The  force  to  be  taken  by  the  reinforcement  is  suggested  as 


Ta 


f,  permissble\ 
f\.  maximum/ 


(AIA.3) 


where  T  is  the  total  tensile  force. 


Example  Based  on  Freyssinet  Anchorage  System 

Freyssinet  system  has  been  widely  used  in  the  reactor  containment  vessels 
Data: 

Cable  12  N  0.5  mm  wires 

Concrete  prism  1 50  x  150  mm  section 

Female  cone  diameter  =  100  mm 

Total  prestressing  force  =  222.4  KN 

fli  =  equivalent  square  area  =  88.9  mm 

Solution 


a 


150 


=  0.59 


5520 


0.48Pin2 


anchorage 


25 
0.5a 


50  75  100  125  150 

DISTANCE  FROM  LOADED  FACE -mm 

2a 


Fig.  AIA.3  Tensile  force  corresponding  to  the  calculated  reinforcement 
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222.4  X  10^^ 
p  =  uniform  compressive  stress  —  — — - — — —  ~  9.88  N/mm^ 

T  =  maximum  tensile  force  =  0.22  x  222.4  =  48.928  KN 
/,,  —f,^^^^  =  maximum  tensile  stress  =  0.48  x  p  =  4.74  N/mm^ 

/;  = ,/;  (permissible)  =  0.129  p  =  1.273  N/mm^ 

Total  tensile  force  (hatched  area  as  a  fraction  of  total  traingular  area) 


Tj  =  T 


f\  permissible\ ' 
/,.  max      / 


=  0.928T 
The  force  taken  by  the  reinforcement  =  0.928  x  48.928  =  45.4  KN 
Mild  steel:  Area  =  ^^^^^  =  181.6mm2 

Select  bars  and  place  at  0.2a  first  bar,  the  next  bars  at  0.5o  and  pass  through 
125  mm  with  cover  to  150  mm. 


The  3D  Finite-Element  Analysis 

A  3D  finite  element  analysis  has  been  carried  out  using,  respectively,  isopara- 
metric element  for  solid  concrete  and  bar  (noded)  element  for  reinforcement. 
Figure  AIA.4  shows  a  finite  element  meshscheme  for  adjacent  anchorages. 
Dimension  loading  and  other  parameters  are  kept  the  same  of  example  under 
Section  A. 2. 2. 1 .  the  3D  displacements  are  shown  in  Fig.  AIA.5  from  the  output 
opf  ratio  of  stress  /|.//c  are  plotted  in  Fig.  AIA.2  against  the  depths  of  the 
immediate  blocks.  The  results  are  also  compared  experimental  and  other  the- 
ories prominently  shown  in  Fig.  AIA.2. 


Explanatory  Notes 

The  mode  of  failure  for  BBRV  tendons  has  been  described  earlier  in  the  text.  The 
following  summarizes  the  behaviour  for  the  tendons  used  in  the  example  A.2.2. 1 
The  mode  of  failure  for  an  end  block  utilizing  the  tendon  V  anchorage  unit  as 
used  in  the  model  test  example  of 

First  -  Uniform  tensile  load  applied  to  the  anchorage  zone  reduces  the  load 

carrying  capacity  of  the  anchorage  unit  and  causes  a  reduction  in  the 

maximum  tensile  strain  at  cracking. 
Second  -  Uniform  compressive  stress  applied  to  the  anchorage  zone 

increases  the  load  carrying  capacity  of  the  anchorage  unit,  the  maximum 

tensile  strain  at  cracking  being  increased. 
Third  -  For  biaxial  compression-tension  applied  to  the  anchorage  zone  and  a 

constant  anchorage  force,  there  is  a  marked  reduction  in  the  tensile  stress 
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(a) 


(c) 


2  3 

METRES 


4       4.628  5 


(m) 


Fig.  AIA.4  Analytical  Results,  (a)  F.E  mash  system,  (b)  Displacement,  (c)  Hoopstress  on 
external  and  internal  faces 
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that  can  be  applied  to  the  anchorage  zone  as  compressive  stress  is  increased. 
An  increase  in  the  maximum  tensile  stress  at  cracking  was  noticed. 

Fourth  -  There  does  not  appear  to  be  a  limiting  tensile  stress,  or  strain  criteria 
of  failure  for  concrete  under  the  influence  of  combined  states  of  loads 

Fifth  -  The  failure  envelopes  for  imposed  loads  on  the  anchorage  zone  are  of 
a  similar  nature  to  that  of  plain  concrete. 

Sixth  -  It  would  appear  that  an  analogy  can  be  drawn  between  the  behaviour 
of  the  anchorage  zone  and  that  of  plain  concrete. 

Seventh  -  The  distribution  of  transverse  strains  in  the  anchorage  zone 
appears  to  be  uniformly  affected  by  imposed  states  of  stress  except  for 
the  case  of  applied  biaxial  compression-tension,  where  a  movement  of  the 
maximum  tension  towards  the  loaded  face  was  noticed. 

Eighth  -  The  results  of  the  research  described  in  this  section  show  that  a 
fairly  simple  empirical  design  method  can  be  US  stated  under  Section 
A. 2. 2.1  used  for  the  detaihng  of  end  blocks  which  have  uniform  stresses 
imposed  on  the  anchorage  zone.  This  is  based  on  the  relation  between  the 
maximum  tensile  strain  at  cracking  and  the  mean  normal  stress  (octahe- 
dral normal  stress).  Throughout,  the  uniform  stress  due  to  the  anchorage 
load  has  been  used  in  calculating.  However,  in  order  to  take  into  account 
variations  of  Oi/a,  it  may  be  better  to  use  the  stress  under  the  bearing  plate 
in  assessing  octahedral  stress. 

Tenth  -  It  must  be  borne  in  mind  that  the  complete  results  are  based  on  fully 
saturated  concrete  and  were  short-term  station. 


Typical  Prestressing  Tendons  Layout 

Plates  AIA.5,  AIA.6  and  AIA.7  give  the  typical  layouts  of  the  prestressing 
tendon  layouts  of  the  pressure  and  containment  vessels. 


Wire  Winding  of  the  Vessels 

The  latest  vessel  are  provided  with  a  wire  winding  system  in  which  the  wires  are 
wound  under  tension  into  steel-lined  channel  either  formed  in  the  vessel  waUs  or 
made  of  precast  concrete.  The  band  comprises  of  layers  of  wires  anchored  at 
both  ends.  In  this  way  the  maximum  circumferential  pressures  are  exerted  with 
in  a  limited  area. 

Plate  AIA.8  shows  the  general  layout  of  the  channel  and  Plate  AIA.9  gives  a 
brief  analysis  of  how  to  find  maximum  pressure  with  in  the  confined  area  of  the 
channel  subject  to  wire-winding.  Where  standards  instead  of  wires  are  used,  the 
same  analysis  can  simply  be  adopted.  Care  must  be  taken  to  supplement  the 
analytical  results  with  those  of  the  experiments.  A  reference  is  made  to  the 
following  paper  of  the  author  for  detailed  investigations. 

(Prog.  Inst.  Civil.  Engrs,  Part  2,1975,59,  Mar;195-200  and  discussions  7710. 
Main  paper  Prog.  Inst.  Civil  Engrs.  Part  2,  1974,  57,  Sept.,  437-450) 
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C  =  tangent  points,  top 

C  =  Path  of  clockwise  helical  tendons 

Cg  =  Patti  of  anticlocl^wise  fielical  tendons 

Cj  =  Intersecting  envelopes 

CJ=Tangent  points,  bottom 

[-.1  =Top  or  bottom  slab  tedon  bands 

\    '■■    \    "    _  ^^  I       Standpipe 
pi-^J-=:P:p-=3      zone 


Hyperboioid         Section  on  <^  of  reactor 


Typical  layout  of  prestressing  systems.  Oldbury 
{With  compliments  from  Sir  Robert  McAlpine.) 


Tendon  shapes 

A  =  Vertical  tendons  (Dungeness  B) 

B  = 

C  =  Vertical  tendons,  Hartepool  and 

FortSt.Vrain 
C  =  Wire/starand  winding  systems  of 

circumferential  tendons 
D  =  Circumferential  tendons.  See  fig 


E  =  Circumferential  tendons.  Fort  St. 
F  =  Radial  tendons.  Fort  St.  Vrai 


Typical  layout  of  prestressing  systems. 


Dungeness  B  vessel 


Vessel  sy metrical  about 


Typical  layout  of  prestressing  systems.  Dungeness  B  vessel.  (With  compliments  of  BNES  and  APC  Ltd.) 

Fig.  AIA.5  Prestressing  Layouts 
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CLEARANCE  DIAGRAM 


a  =  180  mm 
b  =  210  mm 
c  =  320  mm 
d  =  310  mm 

e  =  To  suit  track  fixing  detail, 
f  =  205  mm  minimum 
g  =  2200  mm  minimum 
h  =  4.00  m  maximum 
2.00  m  minimum 
i  =  Dependent  on  vessel  diameter 


Fig.  AIA.  6  General  layout  of  the  channel 
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P       =  horjzonlal  force  due  io 
curved  vertical  tendon 
-  l(Fg^Sin9,  +FggSJne. 
f  -  rotation  factor  o;_  -  losses  ;  B': 
to  a  vertical 
-=—  F   -  Total  net  vertical  force  excluding  li 
P.,'n,S 
Axial  force/radian/area 

Boundary  Pressures  = 

Circumferential  tendons 

P.,  =  P.  ■  n   .  e/2rtw,  .  H 


3S  ;  9's  angles  subtended 


2kt' 


|.  Rgl 


Helical  tendons 


y  -  position  vector  - 
Straigtit  helix  : 


=  Tendon's 

characteristic  load 
=  Total  tendons 

in  a  bandwidth 
=  a  bandwidth 

-  Total  load  in 
the  grid  line 

=  Grid  line 
=  Radius  of 
^       grid  line 
=  angle  subtended 
by  circumferential 
tendons 

-  Zonal  height 


3) 


1 


Barrelled  helix  : 

d^v  =  cos  a  ^  (-  sina)  [(a'cose  -  asinGd9}i 
ds^  +  a'  sin9  +  acosGd9))  +  K]  +  [(a"cos 

-  2a'sin9.de  -  acos9(d9)^  -  asin9d^9}i  -  ((a"sin9 

+  2a'cos9de  -  (sine  (d9f )  +  cosOd^O)]  cos^d  ="K 

Tendon  normal  load  Pf.  =  PL,/rPS  ■  n 


Fig.  AIA.  7  Wire/Strand  Analysis 
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Analytical  Formulation  for  the  Liner 

and  Penetration 


Plate  AIB.l  Gas  ducts,  cooling  pipes,  control  rods  and  other  penetractions  with  finite 
element  mesh  schemes 
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(b) 

Vertical 
Bioler& 
Circulator 


Plate  AIB.2  F.E.  Meshes 

Qci     =  Characteristic  strength  (kips)  (KN) 
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FORCE 


Plate  AIB.3  Typical  bilinear  hysteresis  loop 


Yield  force  (kips)  (KN) 

Maximum  force  (kips)  (KN) 

Post-elastic  stiffness  (kip/inch)  (KN/mm^) 

Elastic  (unloading)  stiffness  (kip/inch) 

Effective  stiffness 

Maximum  bearing  displacement 


General  Formulation  for  the  Liner 


In  any  computer  package  involving  2-  and  3D  finite-element  technique, 
Table  AlB.l  giving  analytical  formulation  can  be  simulated  to  analyse  the 
liner  between  the  studs,  standpipes  and  cooling  pipes.  For  the  global  analysis 
of  the  pressure  and  containment  vessels,  these  local  effects  can  form  the  worst 
case.  The  vessel  can  be  analysed  with  and  without  the  contribution  of  the  liner. 
Under  ultimate  conditions  the  liner  local  areas  must  be  thoroughly  assesed 
prior  to  the  final  decision  of  the  factor  safety  above  the  elastic  conditions  under 
(pressure  +  prestress  +  temperature)  the  combined  loading: 


where 


678  Appendix  B 

Table  AIB.l   Analytical  formulation  of  the  steel  liner 
[KtotRS}*  +  {Ft}  -  {Rt}  =  0 

[^tot]  =  [K,]  +  [K„] 

[ATxot]  =  Total  stiffness  matrix 

[K/]       =  liner  stiffness  matrix 

[KJ       =  A  stud  stiffness  matrix 

{Fj-}      =  Total  initial  load  vector 

{Rr}      —  Total  external  load  vector 

""  =  quantities  corresponding  to  unknown  displacement 

*  =  quantities  corresponding  to  restrained  boundaries 

KJ{5™}  +  {F,„}  =  0 

{£}         =  [B]{3} 

{a}        =  [D]aE}-{,.o}) 

{5}        =  anchor  shear  forces 

{F,„,}    =  /  [B]'^[D]{f.o}  dv  =  /  [BflD]{so}  det[J]  d^  d,j  dC 

V  V 

The  plastic  bucking  matrix  is  given  by 

{K+AKc)Ft  =  Q 
where 

K=  elasto-plastic  stiffness  matrix  as  a  function  of  the  current  state  of  plastic  deformation 
Kg  =  initial  stress  geometric  stiffness  matrix 
The  determinant  \K+  }.Kc\  =  0. 
The  essential  equation  is  characteristically  triangularized  for  the  /th  loading  step  as 

(K  +  A,Kc)F'j  =  0 

/Ic  =  1  +  Eps      Eps  -  accuracy  parameter. 
Note:  Table  AIB.l  is  a  part  of  Programs,  ISOPAR,  ANSYS  and  others. 


Penetrations  Analysis:  Classical  and  Finite  Element  Techniques 

Penetrations  in  Reactor  and  Containment  Vessels  -  General 
Introduction 

Several  penetrations,  their  sizes  or  locations  are  related  to  the  reactor  systems 
and  their  functions  and  layouts.  Some  of  them  have  already  been  discussed  in 
earlier  chapters  of  the  text  under  reactor  and  containment  vessels.  Their  solu- 
tions and  results  have  already  been  established.  This  appendix  gives  some 
penetration  areas  which  may  be  treated  as  added  discussions.  The  finite-element 
techniques  of  solving  them  has  been  fully  discussed.  There  is  no  need  for  a 
reader  to  use  it  again.  However,  a  classical  approach  is  given  to  evaluate 
penetrations.  The  results  are  fully  collaborated  from  the  classical  method  with 
these  from  the  finite-element  technique.  Plates  AlB.  1  and  AIB.2  are  giving  some 
penetrations  which  need  detailed  discussions. 


Appendix  B  679 

Classical  Method  of  Analysis 

In  this  method  a  thin  plate  theory  is  assumed  with  one  to  several  penetrations 
and  it  is  documented  below. 


A  Thin  Circular  Plate  with  a  Central  Hole 

We  will  compare  in  our  investigations  a  "thin"  circular  plate  uniformly  loaded 
and  fixed  at  its  edges  with  a  similarly  loaded  plate  containing  a  central  hole. 
This  central  hole  is  assumed  to  be  closed  by  a  simply  supported  plug.  These  two 
plates  are  shown  in  their  radial  cross-sections  in  Fig.  4a,  b,  respectively. 

The  solution  of  the  problem  for  a  monohthic  circular  plate  is  given  in 
Timoshenkots  'Strength  of  Materiaf.  Part  11  on  page  97. 

The  moments  at  a  distance  x  from  the  centre  of  the  plate  are 


radially  Mrm  =  -^  [a^(/+  v)  -  a"(3  +  v)] 
tangentially  Mtm  =  -^  [a-{I+  v)  -  ^^(l  +  3v)] 


(AIB.l) 
(AIB.2) 


Fig.  AIB.l  Moments  in 
radial  and  tangential 
directions 


a 

^^:     \ 

/ 

I        A 


Fig.  AIB.2  Circular  hole  in  the  circular  plate 
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Fig.  AIB.4 

Where  a  is  the  outer  radius  of  the  plate. 

On  assuming  Poisson's  ratio  v  to  be  equal  to  zero  one 

obtains 


Mrm  =  ^  (a-  -  Sx^) , 
Mtm  =  -^(fl2-x2), 


(AIB.3) 
(A1B.4) 


A  plate  with  a  central  closed  penetration  can  be  considered  as  a  monolithic 
plate  additionally  loaded  by  a  radial  bending  moment  M'  uniformly  spaced  along 
the  central  hole.  Assuming  that  this  plug  is  fully  discontinuous  with  the  plate 
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M  =  -^(fl2_3/)2) 


(AIB.4) 


For  a  'ring plate'  loaded  uniformly  over  its  inner  edge  by  a  moment  M'  we  have 
(from  equation  of  Timoshenko's  'Strength  of  Materials') 
The  angular  deflection 


* 


2        X 


(AIB.6) 


M'rx  =  D 


d^ 


D 


C2_ 

^'2 


(AIB.7) 


dd) 
M'tx^  D—  =  D 


For  the  boundary  conditions  we  have 

(t)  =  0 

when  X  =  0 

Which  gives  C2  =  ci  —j^ 
We  also  have  M'rx  =  M'when  x  —  b 
And  hence  M'  =  d(^+'^^) 
orci  =^^ 

'  D    a-+h- 

-W   h-a- 


C\        C2 


And  C2  —      n      -  ,  ;  T 

^  Z)    a-+h- 

Substituting  these  values  into  Eqs.  (AIB.7)  and  (AIB.8),  one  has 


M'rx  =  M' 
M'tx=  M' 


h^ 


a^      h- 


a-+h^  ^  X-  a-+h- 
b-  a-      It 


a-+h-        X-  a-+h- 


=  -M 


.Y-  a~-^h^ 
'I  h-  cr-x^ 


??+F 


Substituting  the  values  of  M'  from  equation  one  obtains 

M'rx  =  f^{a^-3b^y^i±^ 
M'tx  =  f-,{a'-3b')l,"^ 


(AIB.8) 


(a)        (AIB.9) 

(b) 

(c) 

(d) 

(e) 


(AIB.IO) 

(AIB.ll) 


(AIB.12) 
(AIB.13) 


Adding,  respectively,  these  Equations  one  obtains  the  formulae  for  the 
perforated  plate. 


Mrp 


16 


a^  ~  3x^  -  (o^  -  3b-) 


b^  a-  +  x^' 
x^a^  +  b^ 


forx  >  b 


(AIB.14) 
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Mtp  =  -{a^-x^) 


b^  a^  -  31? 


.t2   fl2  +  1,2 


forx  >  b 


(A1B.15) 


Comparing  the  Eqn.  (AIB.  1)  and  (AIB.2)  with  Eq.  (AIB.30)  we  can  calculate 
ratios  of  bending  moments  and  hence  of  stresses  in  plates  with  and  without  a 
central  hole  under  one  uniform  load. 

The  radial  bending  stress  concentration  for  factor  Cr  is  assumed  to  be 


Cr 


Mrp  a^  —  3b^  b^      (?  +  x^ 

Mrm  a^  +  Sx^  x^      a^  +  b^ 


(AIB.  16) 


If(xV«^) 

The  tangential  bending  stress  concentration  factor  C,  was  assumed  to  be 


Ct- 


Mtp 
Mtm 


b^  fl2  _  3^2 
x^  a^  +  b^ 


(AIB.  17) 


The  values  of  Cr  are 


Cr  —  0  for  X  —  b 


O-  =  1  +  S 


h-  n--3h- 


a-  a-+h- 


for  X  =  a 


(AIB.  18) 


If  ^2  =  9.686'  and  similarly  it  could  be  any  ratio  between  a  and  b  for  9  ft  hole, 
0-9  =  1.0646  and  for  1 1'.O  hole  central 


CrW  =  1.0718 


(AIB.  19) 


The  maximum  value  Ct  if  reached  at  the  edge  of  the  hole  (x  =  h),  then 


Ct  = 


F+1 


(AIB. 20) 


ThenC^9  =  1.627 


Radial  stress  Cr  = 


C?ll  =  1.465 
Bending  stress  with  penetration 


Bending  stress  with  no  penetration 


Let  us  say  =  ^g  =  0.90 


Ct 


Bending  stress  with  penetration  57  psi 

Bending  stress  with  no  penetration      250  psi 


(AIB.21) 
(AIB.22) 


2.05  (AIB.23) 
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Analysis  of  the  Effect  of  the  Large  Penetrations 

No  reliable  general  method  of  analysing  3D  stress  problems  in  a  body  without 
circular  symmetry  was  available  for  use  in  this.  For  this  reason,  the  analysis  of 
the  stress  distribution  in  a  vessel  with  large  penetrations  consists  of  the  extra- 
polation and  combination  of  the  results  obtained  by  several  less  sophisticated 
methods  of  analysis. 

The  practical  problems  of  the  large  penetrations  can  be  divided  into  the 
following  categories  :- 

a)  The  effect  of  a  non-symmetrical  arrangement  of  penetrations  on  the  stress 
distribution  in  the  whole  vessel. 

b)  The  local  stress  concentrations  in  the  perforated  vessel  cap  or  slab. 

For  the  reason  given  above,  the  latter  problem  was  analysed  separately  for 
the  biaxial  and  triaxial  loading  conditions.  Stress  concentration  factors  are 
derived  for  the  biaxial  loading  condition.  Additional  stress  concentration  fac- 
tors for  the  triaxial  loading  condition  are  calculated.  The  use  of  these  factors  is 
explained  in  many  relevant  text  on  stress  concentration. 


Biaxial  Loading  Conditions 

Method  of  Analysis 

The  analysis  was  performed  using  the  finite-element  method.  The  results 
obtained  by  this  technique  are  compared  with  the  results  for  the  same  problem 
solved  by  a  theoretical  analysis  based  on  classical  method. 

Description  of  the  3D  Finite-Element  of  Computer  Programme 

Three-dimensional  is  a  method  for  solving  static  problems.  The  solution  is 
obtained  using  a  set  of  stress-strain  relationships  and  dynamic-equihbrium 
equations.  The  set  of  equations  is  solved  using  already  given  in  the  text  the 
fmite-element  forms  of  the  equations.  As  the  equiUbrium  equations  contain 
damping  factors,  the  required  static  solution  is  approached.  By  an  appropriate 
choice  of  the  damping  factors,  the  structure  vibrates  with  a  'dead  beat'  form  and 
so  a  sufficiently  accurate  static  solution  is  quickly  reached. 

The  Simplified  Model  of  Vessel  Cap 

The  bottom  cap  or  top  of  the  vessel  is  analysed  as  a  perforated  disc  under 
biaxial,  loading  and  triaxial.  This  simpHfication  gives  a  good  approximation  to 
the  conditions  of  cap  prestressed  by  hoop  cables.  The  effect  of  a  uniform 
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bending  moment  can  also  be  treated  as  a  special  case  of  the  plane  stress  analysis. 
However,  the  effect  of  a  varying  bending  moment  (caused  by  the  curvature  of 
the  prestressing  cables  and  internal  pressure)  cannot  be  truly  estimated  by 
means  of  such  an  analysis.  Hence  3D  finite-element  is  involved  for  this  kind 
of  work. 


The  Arrangement  of  the  Loading 

The  radial  stresses  in  the  cap  or  slab  are  created  either  by  the  hoop  tendons  or  by 
the  interaction  between  the  cap  and  the  cylindrical  art  of  the  vessel.  For  this 
reason  the  radial  forces  loading  the  disc  were  assumed  to  be. 


Results  of  the  Finite-Element  Analysis 

The  following  types  of  bottom  cap  were  analysed  under  different  loading 
conditions.  Cases  1-4  relate  to  an  internal  vessel  diameter  of  28  ft.  Case  5 
considers  a  vessel  internal  diameter  of  29  ft. 

(1)  A  disc  of  44'.0"  dia  without  any  penetration  was  analysed  under  the  loading 
arrangements  'A'. 

(2)  A  disc  of  44'.0"  dia  with  two  1 1'.O"  dia  holes  was  analysed  under  the  loading 
arrangements  'B'  and  'D'. 

The  biggest  stress  concentration  was  found  to  be  loading  along  the  axis 
of  these  two  penetrations.  The  resultant  stresses  together  with  the  field 
stress  are  shown  for  loading  'B'  in  graph  ().  The  reduction  of  these  stresses 
under  loading  'D'  was  rather  small.  The  two  peak  values  under  'B'  were 
2790  and  2400  psi;  and  the  loading  'D'  stresses  at  the  same  respective  points 
were  2690  and  2100  psi. 

The  curve  giving  the  ratio  of  the  local  stress  in  the  perforated  cap  over  the 
'field  stress'  in  the  monolithic  cap  is  given  on  Graph  (). 

Th  comparison  of  the  average  radial  deformation  of  the  monohthic  and 
perforated  cap  gives  the  ratio  of  1.78  (the  value  could  be  used  to  simulate 
presence  of  the  holes  in  the  finite-element  program  ISOPAR). 

(3)  A  disc  44'.0"  dia  with  two  ll'.O"  hole  and  two  5'.0"  holes  was  analysed 
under  loading  condition  'B'. 

The  result  of  this  analysis  is  given  on  the  graph  (). 

The  ratio  of  the  average  radial  deformation  in  this  case  was  equal  to  1 .97 

(4)  The  ring  44'. 0"  outside  and  28'. 0"  inside  diameter  was  loaded  by  the  forces 
type  'C  identical  in  value  to  loading  'D'  of  disc  (2)  (44'. 0"  outside  dia  with 
two  ll'.O"  dia  holes.) 

The  contours  of  the  principal  stresses  on  the  ring  are  shown  on  graph. 
Theses  stresses  vary  from  3700  to  2240  psi  on  the  inside  face  and  from 
2550  to  1500  psi  on  the  outside  face. 
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Therefore  the  variation  over  average  stress  is  about  ±25%  on  the  inside 
face  for  the  'worst'  (i.e.  most  unsymmetrical)  arrangement  of  holes. 
(5)  The  disc  of  46'. 0"  dia  with  one  9'.0"  central  hole  and  two  5'.0"  and  from 
4'.0"  dial  holes  concentrically  spaced  around  it  was  loaded  uniformly 
spaced  in  the  radial  direction  over  a  ring  of  thickness  equal  to  the  thickness 
of  the  vertical  wall  of  the  vessel. 

The  distribution  of  field  stresses  (cti)  in  unperforated  disc  follows  the  dia- 
gram shown  in  Fig.  () 

A  loading  of  radial  forces  uniformly  spaced  around  the  vessel  parameter 
represents  the  loading  due  to  action  of  hoop  stresses. 

The  loading  imposed  on  the  cap  by  the  interaction  between  the  cap  and  the 
barrel  of  the  vessel  can  be  uniform  only  for  a  circularly  symmetrical  arrange- 
ment of  holes  in  the  disc.  For  the  unsymmetrical  arrangement  of  the  holes  (say 
two  1 1'.O"  dia  holes)  this  interaction  will  not  be  uniform  around  the  circumfer- 
ence of  the  vessel.  An  uneven  radial  distortion  of  this  cap  will  produce  an 
uneven  distribution  of  the  'continuity  force'  between  the  cap  and  the  barrel. 
The  effect  of  this  variation  will  reduce  the  absolute  values  of  the  maximum  local 
stresses  in  the  cap,  and  increase  locally,  stresses  in  the  barrel.  The  variation  of 
these  continuity  forces  can  be  assumed  to  be  proportional  to  the  deflection  of 
the  cap. 

To  simulate  the  above  effects  the  following  loading  arrangements  were 
analysed  by  the  finite  element. 

(A)  A  disc  without  penetration  was  loaded  by  radial  forces  uniformly  distrib- 
uted both  around  its  circumference  and  across  the  width  equal  to  the 
vessel's  wall  thickness.  Infact,  it  is  a  thick-walled  slab. 

The  "stress  field"  obtained  by  this  loading  is  used  to  calculate  stress 
concentration  factors  in  the  next  calculation. 

(B)  A  disc  with  penetration  is  loaded  by  the  same  forces  as  for  case  'A'. 

The  ratio  of  stresses  obtained  by  this  loading  over  the  'field  stresses' 
from  case  (A)  gives  the  values  of  the  stress  concentration  factors. 

(C)  A  ring  representing  the  vessel's  barrel  was  loaded  by  radial  forces  uniformly 
distributed  along  the  radial  direction  but  not  circumferentially.  The  total 
value  of  these  factors  is  the  same  as  for  cases  'A'  and  'B'.  The  magnitude  of 
the  varies  circumferentially  in  the  inverse  proportion  to  the  ratio  of  the 
actual  over  the  average  radial  deformation  of  the  disc  under  loading  'B'. 

(D)  A  perforated  disc  (as  in  case  B)  is  then  loaded  in  the  same  manner  as  the 
ring  in  case  'C. 

By  the  force  type  'B',  the  results  were  compared  with  the  unperforated  disc  of 
44'. 0"  diameter. 

The  error  introduced  by  this  difference  is  estimated  to  be  in  the  order  of 
±  4.5%.  The  directions  of  the  maximum  principal  stresses  for  perforated  disc 
are  shown  in  graph  later  on.  The  values  of  the  maximum  principal  stresses  are 
given  as  a  ratio   of  the  'field'   stress  obtained  from  the  analysis  of  the 
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unperforated  plate.  The  ratio  of  the  average  deflection  for  the  two  cases  is  equal 
to  1.655  (also  with  an  error  of  ±4.5%). 


The  Comparison  with  the  Theoretical  Formulae 

Some  of  the  results  of  the  finite-element  calculations  referred  to  above  can  be 
compared  with  results  obtained  from  a  simple  classical  analysis.  Two  methods 
of  theoretical  analysis  were  investigated. 

The  problem  of  an  infinite  plate  with  two  holes  loaded  uniformly  by  a  biaxial 
stress  field  is  analysed  in  G.N.  Savins  book  'Stress  Concentration  Around 
Holes',  (pp.  134-139) 

From  the  ratio 


1 


7'6" 
5^ 


15 

IT 


One  has  from  Savins  table  25  the  values  of  maximum  stresses 
aA  =  (2.887  -  ^  x  0.476);;  =  2.761;; 


(AIB.24) 


(A1B.25) 


(jB 


(2.255 


0.133 
0.5 


0.097)p  =  2.23/7 


(AIB.26) 


The  formulae  given  by  Timoshenko  (Trans.  Royal.  Society  Series  A,  volume 
221,  p.  267,  1921)  gives  the  maximum  stress  (of  point  B  due  to  an  internal 
pressure  in  a  thick  cylinder  with  an  eccentric  bore.) 

The  'slice'  of  such  a  cylinder  is  shown  in  Fig.  AIB.7.  The  formulae  for  the 
notation 


(T  max .  =  pi 


2b^{b^  +  a^-2ae-e^) 


(b^  +  a^){b^  -  a^  -  2ae  -  e'-) 


In  our  case  we  have 


a  =  5'6" 
^  =  22'0" 
c  =  7'6" 


And  hence 


(A1B.27) 


ff'  max .  =  pi  X  1 .244 


(A1B.28) 


In  the  absence  of  a  similar  formula  for  the  effect  of  external  pressure, 
compilation  with  some  other  theories  is  required.  It  seems  a  safe  implication 
to  assume  that  an  external  pressure  instead  of  internal  pressure  would  increase 
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the  above  coefficient  in  the  same  proportion  as  for  a  cylinder  with  a  central 
bore.  Accepting  this  assumption  we  have  i^at  the  edge  of  the  hole 

a-p     (       h^\         Inb^ 

Hoop  stress  a  =  ,,    ^  ,     1  +  -r     =  -rr r  (A1B.29) 

b'-  —  a^  \        a^  /       b^  —  a^ 


Hence 


11? 

P^^P-^^ui  (AIB.30) 

fl^  +  b^ 


Therefore, 

(7/1  «ff  max.  =  «x  1.244^^ ^  =  2.34n  (AIB.31) 

a-  +  b^ 

Comparing  the  factors  and  those  shown  on  graph  ()  derived  from  the  finite- 
element  method,  one  has  at  point  A. 

Stress  concentration  factor  obtained  by  computer  analysis  =  3.15 

Stress  concentration  factor  obtained  by  mathematical  theory  =  2.76 

Ratio  =  141=  1.14 

Also  at  point  B  one  has 

Stress  concentration  factor  obtained  by  mathematical  theory  =  2.34 

Ratio 

^^=  1  15 

2.34         ^-^-^ 

On  can  see  from  these  ratios  that  the  finite-element  methods  give  both  close 
and  'safe'  results.  The  larger  results  obtained  by  the  computer  analysis  are 
probably  due  to  the  fact  that  a  more  reahstic  boundary  condition  was  used. 


Triaxial  Loading  Conditions 

The  finite-element  analysis  described  in  this  text  deals  adequately  with  radial 
loadings  applied  at  the  periphery  of  a  disc  but  does  not  take  into  account  the 
variation  in  radial  load  over  the  depth  or  radius  of  the  disc.  These  variations 
arise  from  the  effect  of  pressure  loading,  tendon  curvature,  continuity  effects 
and  the  pressure  of  penetrations. 

The  study  which  follows  attempts  to  evaluate  the  effects  ignored  in  the  simple 
biaxial  analysis.  Sections  do  examine  three  alternative  approaches  from  which 
the  most  probable  bending  stress  concentration  factors  are  chosen. 
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Utilisation  of  the  'Yield  Line  Method'  in  the  Elastic  Analysis 

Johansen's  yield  line  method  was  developed  for  structures  working  in  a  plastic 
state  stresses.  For  this  reason,  this  method  ignores  the  condition  of  continuity  of 
deflection  and  retains  only  the  condition  of  equiUbrium  of  the  internal  and 
external  forces.  Nevertheless,  this  method  can  be  safely  applied  in  analysis  of 
elastic  problems  as  long  as  it  is  remembered  that 

(a)  The  moments  along  a  yield  line  now  represent  average,  not  constant,  bend- 
ing moments. 

(b)  The  ratio  of  the  moments  along  different  edges  of  any  'failed'  panel  must  be 
in  the  same  ratio  to  each  other  as  the  actual  elastic  average  moments  in  an 
elastic  stage  of  the  structure. 

This  second  condition  creates  great  but  not  insurmountable  difficulty.  As 
long  as  the  approximate  range  of  these  ratios  can  be  estimated  'safe'  results  may 
be  obtained  by  accepting  in  turn  the  'worst'  extremes  of  this  range. 

Two  of  the  most  probable  yield  hne  patterns  for  the  basic  vessel  bottom  cap 
are  shown  in  Figs.  AIB.5  and  AIB.6.  The  simphfied  panels  of  these  pattern  are 
shown  in  Figs.  AIB.7  and  AIB.8,  respectively,  These  figures  are  of  an  internal 
diameter  of  29'0". 

Let  us  consider  the  arrangement  shown  in  Fig.  AIB.7. 


Key    1"= 25.4  mm 
1  ft = 0.3048  m 


Fig.  AIB.5  Vessel  capat  bottom 
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Key   1"  =  25.4  mm 
1ft  =  0.3048m 


Fig.  AIB.6  Vessel  with  penetrations 


Fig.  AIB.7  Sectoral  cut  zone 
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Key:- 

1"=25.4mm 
1  ft  =  0.3048  m 


H(^       ^       ')■ 


♦P 


m' 


Fig.  AIB.8  Sectoral  cut  with  forces  or  moments 


The  edge  force  P/ft  (reaction  from  the  plug)  is  obtained  by  considering  the 
equihbrium  of  the  small  triangle  at  the  centre. 
Hence, 


px4 


4q 


(A1B.32) 


or 


P  =  2q 


(AIB.33) 


Ignoring  the  effect  (an  error  on  the  safe  side)  of  the  tangential  moments  'm' 
between  the  outer  ring  of  penetrations  and  the  barrel  position  of  the  vessel,  one 
has  the  equation  of  equilibrium  for  moments  about  hne  BC: 

My  X  14.5  + My  X  =—=  =  P  X  .4  X  10.5  + t/(  4  x h— r^X  ^-— 

V  5  \  2  3  2 

(A1B.34) 


or  My +  0.216 My  =  5.8t/ +  28.5^/ =  34.3q 
or  for  the  28'0"  internal  diameter  vessel 


(AIB.34a) 
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M7  +  0.216M'7  =  34.3^ 


ill 
14.52 


32.0^ 


(A1B.35) 


For  the  arrangement  shown  in  Fig.  A1B.8,  the  equihbrium  condition  for 
moments  about  the  hne  EF  as 


5.25M8  +  M^x  =^^  =  Px4x4.5  +  q{4x^+x^x  5.75) 
i.e.  M8  + 0.596  m;^  =  6.86^+  WAlq^  18.28^ 

or  for  the  28'0"  internal  diameter  vessel 


(AIB.36) 


142 
Mi  +  0.596M^  ==  18.26^  x  — -^  =  17.05^ 


(AIB.36a) 


For  comparison  we  will  analyse  the  yield  hne  pattern  for  the  cap  without  any 
penetrations.  The  failure  yield  line  pattern  of  a  disc  is  shown  in  Fig.  AIB.9.  The 
elementary  failure  panel  is  shown  in  Fig.  AIB.IO. 
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Fig.  AIB.9  Yield  line 
arrangement 


INFINITE  NUMBER 
OF  YIELD  LINES 


Taking  moments  about  the  outer  edge  we  have 


2     ^    3 


(Mo  +  M'^)Rd<l)  =  q 
OrMo  +  M'a^qf 


Hence  for  R  =  14'0"  we  have 

Moi+m;i  =  32.79 
AndR  =  8'6" 

Mo2  +  M'o2  =  nmq 

Comparing  these  values  with  Eqs.  (AIB.35a)  and  (AIB.36a) 
M^  +  0.216M'7  =  ^(Mqi  +  M',^)  -  0.98(Moi  +  M',^) 


Mg  +  0.596M' 


17.05 
12.03 


(Mo2  +  M'02)  =  1.42(Mo2  +  M'02) 


(A1B.37) 
(AIB.38) 

(AIB.39) 
(AIB.40) 


The  ratio  of  Mq/Mq  is  estimated  from  the  Vany  analysis  for  a  vessel  with  no 
penetrations.  The  values  given  below  have  been  taken  from  sketches  PCPVD. 
The  moments  are  assumed  to  be  proportional  the  variation  in  stress  through  the 
depth  of  the  cap. 


Mgj  is  approximately  proprtional  to  800  psi 
Mq[  is  approximately  proprtional  to  150  psi 
M02  is  approximately  proprtional  to  370  psi 
M'q2  is  approximately  proprtional  to  200  psi 


at  14  ft  radius 


at  9' 9"  radius 
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As  Stated  previously  we  wish  to  compare  the  local  stresses  (which  we  have 
said  are  proportional  to  the  local  moments,  M7,  My,  Mg  and  M'^  with  the  Vany 
results  for  vessels  with  simulated  penetrations.  Hence,  the  following  moment 
values  have  been  taken  from  sketches  PCPVD. 

Mpi-Average  radial  (longitudinal)  bending  moment  at  the  foot  of  the  vertical 
walls.  This  moment  is  approximately  proportional  to  800  psi  (5.52  MN/m"^) 

Mp2- Average  radial  bending  moment  along  the  circle  through  the  centres  of  the 
outer  penetrations.  This  moment  is  approximately  proportional  to  385  psi 
(2.655  MN/m^) 

M' j-Average  tangential  (hoop)  bending  moment  across  the  ring  between  the 
central  penetration  and  the  outer  ring  of  penetrations.  This  moment  is 
approximately  proportional  to  500  psi  (3.448  MN/m^) 

We  can  now  rewrite  Equations  using  these  new  moments: 
One  has  from  Eq.  (AIB.39) 

M-j  =  0.216M'.j  =  0.98M^,(1  +  0.188)  =  l.l65Mpi  (A1B.41) 

Similarly  11^=1 

we  have  from  Eq.  (AIB.40) 

Ms  +  0.596M8  ==  1.42Mo2(l  +  0.54)  =  2.22Mo2 

Furthermore  since, 

M02  _  370  M02  _  370 

M^  ~  385  ^'"     A^  ~  500 

We  have  from  Eq.  (AIB.40)  either 

Ms  +  0.596M8  =  lA2Mp2  (A1B.42) 

or 

Ms  +  0.596M;j  =  1.62M^2  (AIB.43) 

In  Eq.  (A1B.42)  the  value  of  Mg  cannot  be  smaller  than  Mp2- 
Hence  one  may  write 

0.596M^  =  2.14M^2  -  Ms <\A4Mp2 

or 

M'8<1.92M^2 

or  smce  ^  =  |§ 

M' 

— ^<1.48  (AIB.44) 

Mp2 

On  the  other  hand,  knowing  that  Mg  cannot  be  smaller  than  M'  2  we  have 
from  Eq.  (AIB.37) 
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Ms  =  \MM'p2  -  0.596M^  <  1.044M^2  and  since 

M'p2  _  500 


(AIB.45) 


Because  theoretically  we  have  M'-j  —  M'^  we  have  from  Eq.  (A1B.37) 
M7  =  1.165    Mpi-0.216M'^ 


or  since  M'g  is  bigger  than  M' 


P2 

Also  ^  -  500 

^'"^  Afp,  ~  800 

Therefore  ^<  1.03 

The  formulae  (AIB.44),  (A1B.45),  and  (A1B.46)  should  give  'very  safe' 
coefficient  for  the  stress  concentration  at  'critical'  zones  in  the  bottom  cap. 
Similar  formulae  could  be  found  for  other  arrangements  of  the  penetrations. 

Large  Penetration  Under  Pressure  and  Temperature 


Notation 

Giving  assumed  values  where  appropriate 

R  =  radius 

a  =  internal  radius  =  14' 
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b  =  external  radius  =  22' 

p  =  internal  pressure  =  705  psi 

X  =  external  pressure  =  prestress 

t  =  temperature 

ti  =  temperature  crossfall  30°C 

a  =  coefficient  of  expansion  =  13  x  10"'' (c  degrees)"' 

E  =  module  of  elasticity  =  5.25  x  10^ 

)'  =  poisons  ratio  =  0.15  or  0  (where  neglected) 

a^  =  permissible  working  compressive  stress  =  2200  psi  (for  prestressed  and 

internal  pressure) 
(Js  =  permissible  working  tensile  stress  =  500  psi 
a,  =  hoop  stress  due  to  temperature  crossfall 
Op  =  hoop  stress  due  to  internal  pressure 
(Tv  =  hoop  stress  due  to  prestress 
cr,i  =  hoop  stress  on  inside  due  to  temperature 
(T,o  =  hoop  stress  on  outside  due  to  temperature 
ffpi  =  hoop  stress  on  inside  due  to  internal  pressure 
cTpo  =  hoop  stress  on  outside  due  to  intenal  temperature 
(7xi  =  hoop  stress  on  inside  due  to  pressure 
(Txo  =  hoop  stress  on  outside  due  to  prestress 

The  vessel  is  assumed  to  consist  of  a  long  thick  cylinder. 
For  this  condition  the  following  formulae  apply 
Internal  pressure  only: 


a^p     /,      b^ 


(AIB.46) 


External  pressure  (prestress) 


ax : 


b^ 


(A1B.47) 


Fig.  AIB.IO  Sector  for  yield 
line  analysis 
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SECONDARY  MESH 
REINFORCEMENT 


FLEXIBLE  SEAL 
FOR  LINER 


COOLING  PIPES 


1/2"  M.S.  PERMANENT 
SHUTTER 


r0  M.S.  BARS  WELDED 
TO  LEDGES 


5.2"x3/4"  M.S.  SHEAR 
CONNECTORS 


3/4"-1"  M.S.  LOAD 
BEARING  MEMBER 


COOLING  SYSTEM. 
FEED  OR  RETURN 


1/2"  M.S. 


PITCH  OF  BARS  DECREASES 
TOWARD  THE  BOTTOM 


SHEAR  CONNECTORS 
REINFORCEMENT 


Fig.  AIB.ll 
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For  a  general  temperature  distribution  (symmetrical  with  respect  to  the  axis 
and  constant  along  the  axis) 


1-7 


a  trdr 


r^b^--cP-)J„ 


a  trr  —  oit 


(AIB.47a) 


With  a  crossfall  of  magnitude  ?/,  the  equilibrium  temperature  distribution 
may  be  represented  by  the  function 


ti  logp  b/r 
log,,  h/a 


(AIB.47b) 


Therefore  we  have  the  following: 


(7t 


Eati 

2(l-y)log,.fc 


log,  ft     (P^(l+!j)log.^' 


(AIB.48) 


The  derivation  of  the  above  formulae  is  given  in  Timoshenko,  Strength  of 
Materials,  Part  II,  pp.  228-232. 

Substituting  in  eq.  (i),  (ii),  (iii)  the  values  of  a,  b,E  etc,  we  have  the  following: 


ap  ^  480 


(22)^ 


(A1B.49) 


ff,  =  -1.68 


(i4r 


(AIB.50) 


-^-2.661og.(^+1.05' 


X  10' 


(AIB.51) 


Withy  =  0.15 

The  values  of  the  hoop  stresses  on  the  inside  {r  =  14')  and  outside  (r  =  22')  are 
tabulated  below. 


Internal  press  705  psi 

Prestress  Zpsi 

Temp,  cross 

fall  30"C 

<^pf                        <^p„ 

(Tyi                                (7vo 

'7,,, 

+  1670                  +960 

-3.36X             -236X 

(y  =0.15) 
-1380 
(7  =  0) 
-1180 

(y  =  0.15) 

+  1030 
()'  =  0) 

+  875 
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The  two  limiting  cases  are 
On  the  inside 

\Gti  +  (jxi\<\(Jc\  (AIB.52) 

On  the  outside 

For  ]'  =  0.5 

I  -  1380 -3.36X|<|- 22001  (AIB.52a) 

Or3.36X<820 

orJr<244psi 
For  7  =  0,  the  condition  is 

|-1180-3.36Z|<|-2200  (AIB.52b) 

or  3.361'<1020 

/.e.l'<304psi 

Equation  (iii)  gives 
For  7  =  0.15 


1030  + 960 -2.36X|<  1  +  5001 
i.e.  1990-2.36Jr<500 
or2.36Z>1490 
i.e.Jf>6.32psi 


For  7  =  0  the  condition  is 


875 +  960- 2. 36Jr||<  1  +  5001 
i.e.  1835- 2.361'<  500 
or2.36Z>1335 
i.e.Z>566psi 


(MB.  52c) 


(AlB.52d) 


The  required  range  of  prestress  is  therefore 
For  7  =  0.5,   244>Z>632psi 
For  7  =  0,    304>Z>566psi 

This  is  clearly  impossible  with  given  values  of  internal  pressure  and  tempera- 
ture and  cross  fall. 
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For  fixed  internal  pressure  and  vessel  dimensions  it  is  apparent  that 
either  the  properties  of  the  mix  or  the  temperature  cross  fall  must  be 
altered.  Therefore  for  further  work  the  temperature  cross  fall  was  reduced 
to  20°C.  The  required  range  of  prestress  for  this  new  cross  fall  is  calcu- 
lated below. 

Since  the  stresses  due  to  the  temperature  cross  faU  are  proportional  to  the 
cross  fall,  the  stresses  due  to  the  new  cross  fall  are  found  by  multiplying  the 
temperature  stresses  Table  (A)  by  |j 

Fory  =  0.15 

ffti  = -1380  xfg= -920 
(7to  =  +1030x=2  =  +687 


For  y  =  0, 


(Tti  =  -1180  X  22=  -785 
(T,o  = +875  X  I  = +583 


Substituting  in  Eq.  (A1B.52)  we  now  get 
For  7  =  0.15 

|-920-3.36|<|-2200| 

i.e.3.30Jr<1280 

orZ<380psi 

For  y  =  0,  the  critical  condition  is 

|-785-3.36|<|-2200| 

i.e.3.36Z<  1415 

orJr<421psi 

Equation  (vih)  now  gives 
Fory  =  0.15 

I  +  687  +  960  -  3.36ZI  <  |  +  5000| 

i.e.  1647 -2.36  Z<  500 

or2.36Z>1147 

i.e.A'>485psi 
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For  y  =  0,  the  critical  condition  is 

I  +  583  +  960  -  2.36^^1  <  I  +  500| 

i.e.  |1543-2.36Z|<500 

or2.36Z>1043 

Z>442psi 

The  required  range  of  prestress  is  therefore 

Fory  =  1.5  380  >  Z  >  485  psi 

Fory  =  0421  >  X  >  442  psi 

This  case  also  gives  an  impossible  value  for  the  prestress.  However,  the 
difference  is  relatively  small.  As  the  calculation  was  based  on  a  constant  value 
of  Young's  Modulus  and  in  practice  Young's  modulus  fall  of  20°C  may  be 
considered  satisfactory.  This  is  substantiated  by  that  the  formulae  devised  in 
Appendix  A  show  that  the  effect  of  the  varying  E  is  to  reduce  the  magnitudes  of 
the  stresses  on  the  inner  and  outer  faces  of  the  wall.  The  computer  analysis 
verifies  that  a  cross  fall  of  20°C  is  acceptable. 

Penetrations  Liner  Under  Buckling 

Again  refer  to  Plates  B.  1  and  B.2  finite-element  technique  to  determine  buckhng 
and  instability  has  been  briefly  formulated  in  the  text.  The  European  have  given 
an  improved  design  recommendations. 

The  European  Prestandards  ENV  1993-1-6  for  the  strength  and  stability  of 
shell  structures  (eventually  called  'shell  eurocode')  gives  for  the  present  buckhng 
interaction  case  and  the  expansion  is. 

^'7— V'<1  (AIB.53) 

With  the  boxed  (i.e.  provisionally  recommended)  values 

k^=  1.25,  k.^im  (AIB.54) 

From  the  collected  set  of  test  and  the  own  tests  and  from  the  numerical 
investigations  carried  out  so  far,  the  following  tentative  conclusions  may  be  drawn: 

(a)  The  concave  interaction  design  Eqs.  (AIB.53)  and  (AIB.54)  seems  to  be 
somewhat  unconservative  in  the  range  of  very  thin-walled  cylindrical  shells 
that  buckle  purely  elastically. 

(b)  For  medium-thick  shells,  the  exponents  according  to  Eq.  (AIB.54)  seem  to 
be  reasonable. 

(c)  For  thick  shells  of  which  the  buckhng  is  dominated  by  plasticity  influences, 
the  exponents  according  to  Eq.  (AIB.54)  tend  to  deliver  overconservative 
design  predictions. 
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Based  on  shell  theory,  the  load  deflection  curves  based  on  'half  wave',  'whole 
wave'  and  'half  penetration  sectional  model'  are  plotted  viewing  load  factor  v.s 
displacement.  They  are  shown  in  Fig.  (a)  of  Plate  AIB.3.  In  all  penetrations  the 
lower  end  is  assumed  as  fixed  and  the  upper  end  is  stiffened  by  a  rigid  dia- 
phragm. The  basic  displacement  (5„,/,  is  taken  to  be  tateral  as 


5,„i,  =  FhL  EI 


(AIB.55) 


Where  F^  -  (ff,,  -  f ) 


LR 


(AlB.55a) 


The  final  buckling  behaviour  is  given  in  Plate  AIB.3  while  using  three  different 
models.  The  non-linear  finite-element  analysis  results  are  plotted  on  the  diagram 
(a)  of  Plate  AIB.3  while  keeping  in  mind  the  deformation  of  the  welded  stud,  if  any. 
Program  ISOPAR  is  used  to  determine  the  buckling  patterns  indicated  in  Plates  I, 
II  and  III.  The  maximum  load  factor  indicates  a  20%  reduction  in  the  buckling 
load  due  to  an  imperfection.  The  load  factor  over  the  non-linear  bifraction  load  is 
0.8  of  the  reduction  is  small,  a  large  increase  in  the  number  of  buckling  waves.  The 
buckling  load  in  general  is  progressive  but  suddenly  appears  as  computer  outputs 
indicated  90°  and  180°.  Here  multimodal  initial  imperfection  is  considered. 

Boiler  Penetration  of  Multi  activity  Vessels 

The  same  analytical  procedures  are  adopted  as  stated  in  the  text  and  the  non- 
linear finite-element  analysis  given  in  the  text  under  various  loading  conditions 
the  boiler  cavities  are  examined.  Plates  AIB.4  and  AIB.5  summarized  the  results 
in  the  forms  of  stress-trajectories.  These  boiler  holes  or  cavities  have  been 
discussed  already  in  the  text. 


:  Comparison  of  Load-Deflection  Curves 
between  Ttiree  Different  IVIodels 


0.0      0.4      0.8       1.2       1.6      2.0      2.4      2.8 

Displacement  W/t 


(b) 


(a)  Non  linear  analysis 


Plate  AIB.4 


(c)  Standpipe  cap  deformed 
under  pressure 
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Stresses  Across 

Stresses  at  crossectioii  under  pressure  and  prestress  +  temperature 
Pressure  from  presstress  =  4.67  MN/m^,  Internmal  pressure  =  0 
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All  values  MN/m 


Plate  AIB.5  Stresses  across  section 
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19.0 


MN/nT^ 


TANGENTIAL  STRESSES  ALONG 
OUTER  FACE  OF  CYLINDER 


TANG  STRESSES  TANGENTIAL  STRESSES  ALONG  EDGE  OF  ECCENTRIC  BORE 

ALONG  INNER  FACE 

(ALL  INDICATED  STRESSES  ARE  COMPRESSIVE) 
(a)  Tangential  stresses  along  inner  and  outer  faces 
Key 

Tangential  stress  under  prestress  -  Gale.  I  Case  I  -  Thermoelastic  Analysis     I  8  Bollei 

Tangential  stress  under  prestress  -  Calc.  II  "        ..     — 

Tangential  stress  under  prestress  +  Pressure  -  Caic.  I 

Tangential  stress  under  prestress  +  Pressure  -  Caic.  II 


Case  II -Ttiermoplastic  Analysis      ^°'^' 


I  Soft  concrete  zones  between 
Boiler  cavities 


Plate  AIB.6  Stresses  around  penetrations  Thermoelastic  stresses 


(a)  Tangential  stress  along  liner  and  outer  forces 

(b)  Case  I  =  thermo  elestic  analysis 
Case  II  =  thermo-plastic  analysis 

Concrete  Part 

Vc  =  yc  =  0.15to0.2 
Ec  =  20GN/m^ 

Steel  Part 

Es  =  200GN/ni^ 

P  =  Internal  pressure  =  4.45  MN/m' 
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Movements  in  Prestressed  Concrete  Reactor 

and  Containment  Vessels 


General  Note 

A  major  part  forming  this  appendix  has  been  pubHshed  by  the  author  in 
'Nuclear  Engineering  and  Design'  50  (1978)  pp.  463-473  by  North  Holland 
Publishing  Company,  under  the  same  title.  The  same  method  can  be  applied  to 
containment  vessels  for  PWR  where  it  can  be  proposed  to  place  concrete  using 
lift  and  bay  arrangement  for  greater  diameters  and  greater  heights. 

Reinforced  and  prestressed  concrete  reactor  vessels  are  constructed  by  placing 
concrete  using  lift  and  bay  arrangement.  The  vessels  are  built  up  in  a  number  of 
individual  bays.  The  size  and  shape  of  these  bays  and  the  order  in  which  they  are 
cast  have  a  significant  effect  on  the  size  and  sense  of  construction  movements. 
Lack  of  information  about  factors  such  as  age  of  any  bay  before  prestress,  the  time 
of  year  of  casting  and  the  time  interval  between  adjacent  vertical  and  horizontal 
bays  would  lead  to  costly  design  improvements  and  could  lead  to  unforeseen 
technical  problems  both  under  operational  and  ultimate  conditions.  An  attempt 
has  been  made  to  establish  a  philosophy  and  a  rational  method  of  assessing  fairly 
accurately  these  movements.  Various  movements  and  their  causes  and  effects  are 
discussed  in  detail.  A  3D  finite-element,  analysis  discussed  already  in  the  text,  is 
developed  to  predict  these  movements  and  to  assess  the  behaviour  of  the  vessel 
parameters  under  operational  conditions.  A  computer  programs  F.  BANG  and 
ISOPAR,  are  developed  and  are  tested  against  experimental  and  measured  results. 


Introduction 

Prestressed  concrete  reactor  vessels  (PCRVs)  have  been  recently  adopted  as 
primary  containments  for  both  the  advanced  and  high  temperature  gas-cooled 
reactors.  Among  all  the  problems  associated  with  this  structure,  the  knowledge  of 
predicted  movements  in  certain  parts  of  the  vessel  is  still  ambiguous.  This  chapter 
attempts  to  create  a  basis  for  the  design  of  many  plant  components  in  relation  to 
their  built-in  tolerances.  Although  symmetric  and  absolute  relative  movements 


705 


706  Appendix  C 

are  straightforward  to  calculate,  the  lack  of  knowledge  concerning  the  complexity 
involved  in  evaluating  the  asymmetric  movement  can  lead  to  costly  design 
features  which  may  be  either  cast  into  the  vessel  concrete  or  placed  within  the 
vessel  itself  A  3D  analysis  using  isoparametric  elements  is  used  to  evaluate  these 
movements  under  constructional  and  operational  conditions.  These  movements, 
and  the  corresponding  strains  occurring  in  three  dimensions,  are  built  in  to  the 
ultimate  load  analysis.  Under  increasing  gas  pressure  the  vessel  is  analysed  for 
pressure-displacement  relationship  with  and  without  the  initial  built-in  move- 
ments. In  some  cases  the  results  have  proved  to  be  quite  significant. 

A  computer  program  has  been  developed  to  determine  these  movements 
under  constructional  and  operational  conditions.  A  separate  computer  pro- 
gram is  written  to  plot  these  movements  using  an  plotter  associated  with  IBM 
7500.  Finally,  the  theoretical  model  is  tested  against  short-term  partial  experi- 
mental results  obtained  from  Dungeness,  Oldhury  and  Hartlepool  vessels.  The 
results  for  the  Oldbury  vessel  are  given  in  the  text. 

Philosophy  of  Movements 

The  object  of  this  section  is  to  discuss  the  philosophy  of  the  causes,  develop- 
ments and  the  significance  of  movements  and  their  effects  on  the  safe  operation 
of  the  vessel.  In  order  to  initiate  such  a  discussion,  it  is  logical  to  classify  these 
movements  on  the  basis  of  their  presence  at  important  stages  during  construc- 
tion and  operation. 


Types  of  Movements 

Constructional  Movements 

Constructional  movements  are  defined  as  any  movement  of  the  pressure  vessel 
concrete  from  the  time  of  casting  up  to  the  application  of  prestress  to  the  vessel. 
These  movements  are  caused  [1,  2,  3]  by 

(1)  changes  in  ambient  temperature 

(2)  shrinkage  of  the  concrete 

(3)  deformation  under  load 

(4)  liberation  and  loss  of  heat  of  hydration 

The  constructional  movements  may  he  required  in  any  one  of  the  following 
two  forms. 


Absolute  Construction  Movements 

The  absolute  construction  movement  of  a  point  is  defined  as  the  movement  of 
that  point  in  the  concrete  relative  to  a  fixed  datum  outside  the  vessel,  from  the 
moment  of  casting  until  prestress  is  applied  to  the  vessel. 
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The  absolute  movements  of  any  part  of  the  vessel  are  given  with  respect  to  a 
datum  on  that  vessel.  The  datum  for  vertical  movements  is  taken  as  he  under- 
side of  the  bottom  cap.  The  vertical  axis  is  taken  as  the  datum  for  horizontal 
radial  movements. 


Relative  Construction  Movements 

The  relative  construction  movements  of  two  points  are  the  relative  movements 
between  the  two  points  from  the  instant  the  second  point  is  cast  (the  first  point 
having  already  been  cast)  until  prestress  is  apphed  to  the  vessel.  The  movements 
are  given  in  the  3D  coordinate  systems  which  are  discussed  later  in  the  devel- 
opment of  the  theoretical  model.  These  movements  can  either  be  symmetrical  or 
asymmetrical.  When  symmetry  is  considered,  these  movements  occur  within  a 
vessel  in  which  the  concrete  properties  are  entirely  uniform  and  the  loading  of 
the  vessel  geometry  are  symmetrical  about  the  vessel  axis.  The  relative  move- 
ment of  two  points  on  the  vessel  is  the  vertical  movement  of  one  point  with 
respect  to  the  other  as  datum.  A  similar  definition  holds  for  the  relative  radial 
movement  of  two  points  in  the  same  vertical  plane.  For  initial  calculations  it  is 
assumed  that  the  change  in  the  distance  between  two  points  on  the  same 
horizontal  plane  is  calculated  from  their  absolute  radial  movements  when  the 
vessel  is  assumed  symmetrical,  it  is  safe  to  assume  that  no  movement  perpendi- 
cular to  any  radial  line  occurs. 

The  asymmetrical  relative  movements  depend  on  variations  which  can  be 
applied  to  some  properties  of  concrete  and  to  some  loadings,  and  to  the  vessel 
geometry.  The  assessment  of  asymmetrical  relative  movements  will  be  different 
to  the  one  suggested  for  the  symmetry.  The  vertical  relative  movements  of  two 
points  will  then  be  the  vertical  movement  of  one  point  with  respect  to  the  other 
as  datum.  The  relative  radial  movement  of  two  points  on  the  same  horizontal 
plane  is  the  difference  in  the  changes  in  their  distances  from  the  vessel  axis. 
Similarly,  the  relative  radial  movement  of  two  points  in  the  same  vertical  plane 
is  the  difference  in  the  changes  in  their  distances  from  the  vessel  axis  plus  the 
difference  in  the  changes  in  the  distances  of  the  vessel  axis  from  its  original 
position  in  the  space  at  the  levels  of  the  two  points  under  consideration.  On  the 
other  hand  the  relative  movements  in  the  circumferential  directions  of  the  two 
points  the  algebraic  sum  of  their  movements  are  perpendicular  to  the  radial 
hues  through  their  original  positions.  In  calculating  these  movement  it  is  always 
advantageous  to  draw  out  the  absolute  movements  of  the  two  points. 


Operational  Movements 

The  operational  movements  are  obtained  by  analysing  the  vessel  under  opera- 
tional conditions.  The  reactor  vessels  [4,  13,  14-16]  are  analysed  for  several 
loading  cases  for  these  movements.  Computer  runs  are  also  required  in  which 
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the  vessel  properties,  loading  values,  and  summation  factors  are  chosen  so  as  to 
give  the  desired  operation  conditions.  These  independent  computer  runs  are 
also  necessary  since  they  differ  from  the  stress  cases  in  that  only  the  probable 
and  maximum  range  of  movements  are  calculated  at  the  various  stages  in  the 
vessel's  hfe. 

The  probable  movements  are  obtained  by  obtaining  the  expected  elastic 
properties  and  the  normal  anticipated  loads.  It  is  suggested  that  the  extreme 
movements  should  be  the  maximum  inward  and  outward  movements  that  are 
obtained  by  allowing  extreme  variation  in  elastic  properties,  shrinkage,  cyclic 
expansion,  prestress  loss,  pressure  and  coefficient  of  expansion,  as  well  as  for 
non-symmetrical  conditions  in  the  vessel.  In  addition  to  these  maximum  values, 
associated  minimum  values  should  also  be  calculated.  They  are  obtained  by 
considering  the  vessel  subjected  to  the  same  loadings  as  with  the  maximum 
values  but  with  the  non-symmetry  effects  taken  as  being  in  the  opposite  direc- 
tion to  those  used  for  the  maximum  values.  These  minimum  values  are  used  in 
the  calculation  of  the  relative  movements. 


Factors  and  Causes  of  Movements 

Each  of  the  individual  movement  factors  may  include  general  components  as 
well  as  components  special  to  the  case  being  considered.  Each  of  the  many 
movement  factors  are  components  special  to  the  case  being  considered.  Each  of 
the  many  movement  factors  is  now  discussed. 


Effect  of  Creep 

This  is  considered  first  since  it  is  not  only  involved  directly  as  a  measure  of  the 
vessels  stiffness  but  also  indirectly  because  of  its  effect  on  prestress  losses. 
Experimental  work  [2,  8,  10,  17]  carried  out  to  obtain  specific  strain  curves 
indicates  that  a  suitable  relationship  exists  between  the  elastic  modulus  and 
creep  rates  and,  of  course,  how  much  softening  effect  is  there  due  to 
temperature. 

The  movements  produced  by  externally  applied  loads  are  directly  propor- 
tional to  the  specific  strain  values  associated  with  the  loading  being  considered. 
There  is  one  difficulty,  namely  the  complicated  past  history  of  loading  and 
temperature.  The  calculation  of  specific  strain  values  to  be  used  are  highly 
involved.  Simplifying  conservative  assumptions  have  therefore  been  made  in 
the  theoretical  model  as  regards  the  various  ages  of  loading,  time  under  loads 
and  ruHng  temperatures.  In  the  theoretical  model  the  extreme  value  of  the 
probable  specific  strain  is  considered  as  being  that  of  a  vessel  loaded  for  30 
years  at  the  normal  working  temperature,  thus  neglecting  any  occasions  when 
the  vessel  is  at  a  lower  temperature,  e.g.  during  shutdown  periods.  Will  there  be 
any  significant  effects,  during  shut  down  periods  is  extremely  difficult  to  assess. 
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In  certain  cases  it  is  also  difficult  to  judge  which  combination  of  affects  will 
produce  the  desired  results.  For  the  maximum  inward  movements  it  is  obvious 
that  the  specific  strain  must  be  as  high  as  possible  so  as  to  obtain  the  greatest 
prestress  movement.  However,  when  maximum  on  toward  movements  are 
considered,  pressure  is  involved  and  it  is  possible  that  a  larger  outward  move- 
ment will  occur  with  a  low-specific  strain  value.  These  values  have  been  incor- 
porated in  the  input.  Perhaps  they  will  compensate  for  the  muse  caused  by  the 
shutdown  effects. 


Prestress  Loads 

The  effect  of  prestress  on  the  movement  ranges  are  the  prestress  losses, 
variation  of  prestress  and  asymmetric  effects.  The  prestress  losses  are  in  turn 
affected  by  specific  strain  values,  temperature,  concrete  stresses,  tendon  stres- 
ses, successive  tensioning  during  the  prestressing  operation,  shrinkage  and 
relaxation  of  the  steel.  In  addition,  high-specific  strain  values  cause  high  losses 
by  virtue  of  the  larger  deflections  incurred.  Temperature,  in  addition  to 
increasing  specific  strains,  also  produces  high  relaxation  losses  in  the  tendons. 
The  level  of  concrete  stresses  determines  the  amount  of  deformation  likely  to 
occur  which  is  directly  relatable  to  the  tendon  stresses  and  strains  to  determine 
the  loss  after  prestress  encountered  by  vessel  deflections.  During  the  prestres- 
sing stage,  the  tendons  lose  some  force  due  to  the  stressing  of  the  successive 
cables,  and  allowance  must  be  made  as  compensation.  The  relaxation  of  the 
steel  itself  must  be  taken  into  account  since  it  is  being  affected  by  the  tem- 
perature. Table  AlC.l  is  examined. 

Shrinkage  is  another  factor  tending  to  increase  the  losses  and  changes  after 
prestress  must  be  used  in  calculating  its  effects.  Some  allowance  is  made  for  any 
asymmetric  effects  in  the  vessel,  the  prestress  layout  and  during  the  jacking 
operation  these  are  usually  allowed  for  by  some  overall  factor.  This  aspect  is 
considered  in  the  ultimate  load  analysis. 

Pressure  Loadings 

The  pressure  is  a  more  determinable  and  controllable  loading  than  prestress  and 
the  only  special  allowances  are  for  the  asymmetry  of  the  vessel  and  a  small 
factor  to  cover  fluctuations,  i.e.  the  gas  incremental  behaviour. 

Temperature  Loadings 

The  vessel  temperatures  are  controlled  fairly  accurately  so  no  great  deviation 
from  normal  working  temperatures  should  be  considered  in  the  theoretical 
model.  For  movements,  either  the  hot  or  the  coW  vessel  is  used  with  sonic  factor 
to  cover  variations  in  the  expansion  coefficient.  The  author  emphasise  this 
phenomenon  to  cover  for  the  hot  shutdown  affects  as  stated  earlier.  By  con- 
sidering it,  additional  safety  is  maintained. 
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Case 


Combined  items 
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Prestress  only 


Elastic  shortening 
Friction 


Proof  test 


Steel  relaxation  (short  term) 

Creep  (short  term) 

Elastic  shortening 

Friction 

Internal  proof  pressure  (1.15  X 

design  pressure 


Normal  operation 


Steel  relaxation  (long  term) 

Creep  (tong  term) 

Elastic  shortening 

Friction 

Thermal  effects 

Internal  design  pressure  (1.1  X 

working  pressure) 


Hot  shut  down 


Steel  relaxation  (long  term) 
Creep  (long  term) 
Elastic  shortening 
Friction 
Thermal  effects 


Table  AIC.l  Loading  cases  under  operational  conditions 
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Shrinkage 

Upper  and  lower  bands  of  shrinkage  are  used  in  the  computer  program  input 
which  allow  for  both  age  and  temperature  effects.  Programs  ISOPAR  and 
F.  BANG  are  equipped  with  such  shrinkages. 

Cyclic  Expansion 

Following  a  number  of  temperature  cycles  of  typical  Wylfa  limestone  concrete 
[2,  8, 10, 17],  it  is  essential  that  a  permanent  set  should  occur,  and  allowance  should 
be  made  for  this.  However,  for  some  concrete  the  effects  could  be  much  less. 


Combination  and  Presentation  of  Movements 

In  the  form  of  an  output  the  movements  required  in  a  vessel  as  described  above 
fall  into  two  groups,  namely  absolute  and  relative  movements.  To  obtain  the 
range  of  possible  concrete  movements  for  presentation,  movements  due  to  the 
individual  effects  already  mentioned  are  summed  algebraically  taking  due 
account  of  the  construction  programme:  for  instance,  the  maximum  negative 
strain  of  one  point  relative  to  another  point  or  datum,  due  to  a  change  of  ambient 
temperature,  does  not  necessarily  coincide  in  time  with  the  maximum  negative 
strain  due  to  shrinkage.  In  this  case  the  maximum  combined  strain  due  to  these 
two  defects  may  not  be  the  sum  of  the  two  individual  maxima,  but  less  than  this 
sum,  and  should  be  calculated.  The  maximum  range  of  movements  which  could 
occur  is  normally  presented  in  the  vertical,  radial  and  circumferential  directions. 

For  absolute  movements  Table  AIC.2  gives  the  maximum  anticipated 
inward  and  outward  movements  at  the  various  sections  used  in  the  computer 
analysis.  In  the  majority  of  cases  one  definite  set  of  loading  factors  suffices  for 
obtaining  a  set  of  movements  but  locally,  due  to  vessel  shape,  prestress  arrange- 
ments or  method  of  support,  a  shghtly  different  loading  combination  may  be 
required,  but  in  these  cases  the  movements  involved  usually  tend  to  be  small. 

For  maximum  outward  movement  at  the  centre  of  the  top  pressure  and  cyclic 
expansion  are  required  to  be  among  the  factors  included,  but  along  the  same  axis 
at  the  bottom  pressure  and  shrinkage  are  required,  this  difference  being  due  to  the 
relative  positions  of  the  points  and  supports.  Another  important  point  to  be 
considered  is  that  certain  factors  may  be  interdependent  and  so  cannot  be  com- 
bined arbitrarily  with  their  extreme  ranges.  For  example,  the  minimum  prestress 
losses  occur  with  lowest  specific  strain  values,  but  for  maximum  inward  movement 
a  vessel  with  high-specific  strain  is  usually  used.  The  method  of  presentation  of  the 
results  depends  to  what  use  they  are  to  be  put.  To  indicate  the  significance  of  the 
various  factors  at  a  few  selected  points  on  the  vessel,  a  diagrammatic  representa- 
tion of  the  movements  in  the  form  of  a  bar  chart  could  be  used. 

The  relative  movements  are  more  difficult  to  present  and  various  methods 
are  available.  One  way  is  to  present  the  tables  giving  the  maximum  movements 
and  their  associated  minimum  movements  together  with  a  series  of  general  rules 
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DISPLACEMENT 

LOADING 

CONDITIONS 

CAUSING 

INWARD 

DISPLACEMENT 


CONCRETE  DISPLACEMENTS  FROM 
POSITIONS  BEFORE  PRESTRESS 


INWARD 
MOVEMENT 


OUTWARD 
MOVEMENT 


LOADING 

CONDITIONS 

CAUSING 

OUTWARD 

DISPLACEMENT 


T^ 


CHECK 
M  IN/MAX 


M 


HH 


CHECK 
M  IN/MAX 


p    = 

PRESSURE  PS.l.G 

S/S 

SPECIFIC  STRAIN. 

CO 

CARBONATION 

DP.  = 

DESIGN  PRESSURE  PS.I.G 

C 

CYCLIC  SPAIN. 

W.P.= 

WORKING  PRESSURE 

fMSI      = 

NET  DISPLACEMENT 

P/S  = 

PRESTRESS. 

PROS.  = 

PROBABLE. 

1       = 

TEMPERATURE. 

AMB.     = 

AMBIENT  TEMPERATURE. 

«      = 

COEFFICIENT  OF  EXPANSION. 

MIN.      = 

MINIMUM. 

S      = 

SHRINKAGE. 

MAX.     = 

MAXIMUM. 

Table  AIC.2  Chart  of  inward  and  outward  displacements 


for  working  out  the  relative  movements.  This  method  has  its  difficulties.  It  may 
be  more  prudent  to  use  the  second  method,  i.e.,  the  relative  movements  arc 
calculated  as  individual  problems  so  that,  although  the  general  rules  are  used, 
special  allowances  or  treatments  can  be  incorporated. 

Having  assessed  the  variation  of  material,  prestress  and  temperature  proper- 
ties for  the  vessel,  it  is  now  possible  to  compute  the  symmetrical  absolute 
movements  to  the  accuracy  of  the  assumed  concrete  properties,  values  of 
prestress  losses,  etc.  To  obtain  these  movements,  it  is  necessary  first  to  decide 
which  combination  of  the  variations  in  vessel  properties  will  yield  the  maximum 
and  minimum  vessel  movements. 

Two  combination  factors  are  possible  for  maximum  and  minimum  outward 
movements.  It  will  be  necessary  to  calculate  each  to  estabhsh  the  maximum  and 
minimum  outward  movements  at  any  one  point  on  the  vessel.  It  is  suggested 
that  in  the  Hght  of  the  above  arguments  the  combination  of  movements  should 
be  as  indicated  in  Table  A1C.2,  which  will  be  discussed  later,  is  assimilating  the 
input  data  on  the  hues  suggested  in  Table  A1C.2. 


Three-dimensional  Analysis  of  Movements 

Three-Dimensional  Analysis  Techniques 

A  3D  analysis  is  carried  out  using  isoparametric  20-node  sohd  elements  for 
concrete  (Table  A1C.3)  with  cubic  displacement  expansion  in  platform  and  a 
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|::ffi: 

1    iTT 
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1 

Ellll 

y 

£!:=tiiii 

b  -1,^ 


No.  of  Nodes  1860 
No.  of  Elements  463 


concrete 


Spring  stiffness 


detail  1&2 


-  cable  or  duct  segment 
longitudinal  (bond)  spring 

-transverse  spring 


detail  2 


concrete 

^  Springs  in  tension 

I  dowel  force 
-springs  in  compression 
concrete 
Behaviour  of  concrete  Lifts  and  Bays  Top  and  Sideways 

Fig.  AIC.l  (a),(b)  Finite  element  idealisation  of  Oldbury  vessel  20-node  element,  complete 
bay  with  spring  locations 


linear  variation  througli  tlie  tiiickness  of  eacli  lift  and  bay.  The  mutual  response 
of  concrete  layers  for  lift  and  bays  is  represented  by  a  linkage  element  (Fig. 
AIC.  lb).  The  stiffness  matrix  for  this  element  is  given  in  table.  It  is  assumed  that 
while  using  these  hnkage  elements  the  degrees  of  freedom  of  the  isoparametric 
elements  are  retained  at  their  boundaries  so  that  the  interconnection  between 
concrete  layers  can  be  made  at  their  interfaces.  The  stiffness  assigned  to  the 
bond  hnkage  is  the  slope  of  the  bond-slip  curve  multiplied  by  the  embedded 
item  surface  area  As  tributary  to  a  "kink"  to  form  in  the  embedded  items  such  as 
ducts  or  reinforcement  bars.  The  shear  at  the  kink  acts  as  a  dowel  force  and  is 
represented  by  vertical  linkages. 

When  the  vertical  hnkages  are  in  tension,  their  stiffness  is  controlled  for  the 
most  part  by  adhesion  between  the  embedded  items  and  the  concrete  and  could 


Table  AIC.3   Matrix  \Ki\  for  linkage  elements 


where  S  =  sin  (3,  C  =  cos  (3. 

Sign  convention  +  positive  movement  and  tensile  force  between  the  connected. 
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Table  AIC.4   Variable  modulus  and  Poisson's  ratio  stiffness  matrix  [D] 


'Kn  -  "-'r 

^E, 

•^12 -'-T 

^E2 

•^,3  -  '-^'^ 

^E, 

'K,i  =  0 

•^15=0 

*Ji^i6  =  0    ■ 

•^21    ''"*7- 

^£, 

•^22  "-'r' 

^E, 

•^3         '-n'- 

^E, 

'K2i  =  0 

*^25  =  0 

'^26  =  0 

•^3,=i^ 

^£, 

*/c32  -  '"'"-r 

''11)  j7. 

•^33  -  "-"f 

^E, 

*a:34  =  0 

*A-35  =  0 

*/C36  =  0 

•K41  =  0 

'K42 = 0 

*/f43  =  0 

*A^44  —  G|2 

'K45=0 

'K«,  =  0 

'K,i  =  0 

'Ks2  =  0 

•Ki3  =  0 

•Kw  =  0 

'Kss  =  G23 

'Ks6  =  0 

•^61  =  0 

•Ji^62  =  0 

•Jf63  =  0 

•K^  =  0 

•A-,5  =  0 

*-K66  =  63^ 

where  v  —  1  - 


Vl2l'21  -  V|3V>3|  -  V23V32  -  V12V23V3I   -  V21V13V32 


Table  AIC.5   CABCO  prestressing  tendon  main  data 


Tendon  Forces  (kN) 

Anchorage 

Sheath  internal 

Anchorage 

System 

Tendon* 

Pk 

0.8P, 

0.7Pk 

size  mm 

dia.  mm 

4/13  STD. 

660.0 

528.0 

462.0 

130 

42 

Ul 

Cabco 

4/13  SUP. 

736.0 

588.8 

515.2 

" 

•' 

4/13  DYF. 

836.0 

668.8 

585.2 

" 

•' 

4/15  STD. 

908.0 

726.4 

635.6 

175 

51 

4/15  SUP. 

1000.0 

800.0 

700.0 

" 

4/15  DYF. 

1200.0 

960.0 

840.0 

" 

" 

U2 

Cabco 

7/13  STD. 

1155.0 

924.0 

808.5 

" 

•' 

7/13  SUP. 

1288.0 

1030.4 

901.6 

" 

•' 

7/13  DYF. 

1453.0 

1170.4 

1024.1 

" 

" 

4/18  STD. 

1480.0 

1184.0 

1036.0 

175 

51 

4/18  DYF. 

1520.0 

1216.0 

1064.0 

" 

7/15  STD. 

1589.0 

1271.2 

1112.3 

215 

75 

7/15  SUP. 

1750.0 

1400.0 

1225.0 

" 

•' 

Cabco 

7/15  DYF. 

2100.0 

1680.0 

1470.0 

" 

63 

U3 

12/13  SID. 

1980.0 

1584.0 

1386.0 

215 

81 

12/13  SUP. 

2208.0 

1766.4 

1545.6 

215 

" 

Multiforce 

12/13  STD. 

1980.0 

1584.0 

1386.0 

215 

" 

12/13  SUP. 

2208.0 

1766.4 

1545.6 

215 

" 

7/18  STD. 

2590.0 

2072.0 

1813.0 

245 

81 

7/18  DYF. 

2666.0 

2128.0 

1862.0 

75 

U4 

Cabco 

12/13  DYF. 

2508.0 

2006.4 

1755.6 

" 

75 

12/15  STD. 

2724.0 

2179.2 

1906.8 

" 

81 

12/15  SUP. 

3000.0 

2400.0 

2100.0 

" 

81 

Cabco 

12/15  DYF. 

3600.0 

2880.0 

2520.0 

265 

81 

19/13  SID. 

3135.0 

2508.0 

2194.5 

" 

U5 

19/13  SUP. 

3496.0 

2796.8 

2447.2 

" 

" 

Multiforce 

12/15  STD. 

2724.0 

2179.2 

1906.8 

245 

" 

12/15  SUP. 

3000.0 

2400.0 

2100.0 

245 

•' 

12/15  DYF. 

3600.0 

2880.0 

2520.0 

265 

" 

25/13  SID. 

4125.0 

3300.0 

2887.5 

300 

90 

U6 

Multiforce 

25/13  SUP. 

4600.0 

3680.0 

3220.0 

" 

" 

13/15  DYF. 

3900.0 

3120.0 

2730.0 

" 

84 

31/13  STD. 

5115.0 

4092.0 

3580.0 

335 

100 

31/13  SUP. 

5704.0 

4563.2 

3992.8 

" 

U7 

Multiforce 

19/15  SID. 

4313.0 

3450.0 

3019.1 

" 

" 

19/15  SUP. 

4750.0 

3800.0 

3325.0 

" 

•' 

19/15  DYF. 

5700.0 

4560.0 

3990.0 

" 

" 
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Table  AIC.5   (continued) 


Tendon  Forces  (kN) 

Anchorage 

Sheath  internal 

Anchorage 

System 

Tendon* 

Pk          0.8P,     0.7Pk 

size  mm 

dia.  mm 

U8 

Multiforce 

19/18  DYF. 

7220.0   5776.0   5054.0 

- 

" 

5/18  STD. 

1776.0   1480.0   1295.0 

362  X  89 

114  X  25 

5/18  DYF. 

1824.0   1520.0   1330.0 

" 

Strand- 

10/18  STD. 

3530.0  2960.0  2590.0 

362  X  171 

"  twin 

force 

10/18  DYF. 

3648.0   3040.0  2660.0 

" 

"  twin 

*  STD.  Standard 
SUP.  Super  Strand 
DYF.  Dyform  Strand 


be  set  equal  to  zero.  The  stiffness  of  these  vertical  linkages  that  are  in  compres- 
sion will  depend  on  such  factors  as  the  geometry,  the  concrete  cover,  and  the 
presence  or  absence  of  the  embedded  items  in  that  zone  of  the  vessel  concrete. 
The  stiffness  matrix  for  the  sohd  element  is  derived  using  the  orthotropic 
material  matrix  given  in  Table  AIC.4.  The  procedure  for  the  stiffness  matrix 
is  summarized  in  Table  AIC.5.  The  program  ISOPAR  is  provided  with  two 
solution  procedures,  namely  the  B  LOCKING  TECHNIQUE  and  the  FRON- 
TAL SOLUTION. 

Temperature,  creep  and  shrinkage  effects  are  included  in  the  general 
formulation  of  the  strain  matrix.  The  details  of  this  program  are  given  in  the 
text. 


Concrete  Stress-Strain  Criteria 

Concrete  stress-strain  criteria,  plasticity  and  cracking  [14, 15, 16, 17, 19,20,21,22] 
have  been  assessed.  In  tliis  work  the  hypoelastic  approach  is  adopted  for  the 
multiaxial  state  of  stress,  the  details  of  which  are  given  in  Ref.  [23]. 


Summary  of  Results 

Movement  parameters  for  the  Oldbury  vessel,  obtained  from  the  theoretical 
model  and  from  site  measurements,  are  plotted  in  Fig.  AIC.2  and  AIC.3  for 
critical  locations  of  this  vessel. 

They  are  in  good  agreeinent  for  many  critical  locations.  However,  at  certain 
locations  variations  in  results  exist  between  the  theoretical  model  and  those 
obtained  on  site.  Although  net  differences  in  value  are  insignificant  in  terms  of 
the  overall  achievement  of  tolerances,  a  suitable  explanation  can  be  given. 

Finite  element  data 

Strain  =  {£}=  [5,]{,5}  (AIC.l) 
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Key  —I — I —  Downward  Movement  (-ve)C 
— 1 — I —  Downward  Movement  (-ve)M 
— 1 — I —  Upward  Movement  (-ve)C 
- 1-  -1-  -  Upward  Movement      (-ve)M 


-  Inward  Movement     (-ve)C 
Inward  Movement     (-ve)M 

-  Outward  Movement  {-ve)M 

-  Outward  Movement  {-ve)C 
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M  =  Measured 


~i 1 1 1 1 r 

1-1        2-2        3-3        4-4        5-5        6-6        7-7 
Location 


Fig.  AIC.2  Absolute  m 
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dv 

if 

0 

dpi 
dx 
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B 
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B„ 


m  xn  —  6x6 


(AIC.2) 


Stress  =  {a]  =  [75]  ({e}  -  {eq})  +  {ffo} 


(AIC.3) 
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Key  C  =  Calculated 
M  =  Measured 


-H — I—   Movement  Downward    C 
-1--1--   Movement  Downward    M 


-I — 1—   Movement  Upward         C 
-4- — 1--   Movement  Upward         M 


-   Movement  Inward  C 

-■   Movement  Inward  M 

Movement  Outward       C 
Movement  Outward        M 

_6 .6 


Fig.  AIC.3  Relative  movements  of  the  Oldbury  reactor  vessel 

where  Go  and  CTo  =  initial  strain  resp.  stress  and  p  =  shape  function. 
[^6x6  =  element  stiffness  matrix 


-1    +1    +1 


\B 


T" 
6xii\D]6x6[B]6xndet[J](iidtidt 


-1      -1      -1 


Forces: 


{F}^  J[Bf'[D]{E}d^d^idi: 

V 

T"  =  Transpose 

{Ri)  =  {K\^m  +  {F^l  +  {F,};.  +  {F}^^  +  {F}1  +  {Ft 


elastic         bond     body  initial 


(AIC.4) 


(AIC.5) 


(AIC.6) 


temperature 


Heat  of  Hydration 

The  effect  on  vessel  movements  of  the  heat  of  hydration  of  cement  on  settling  is 
mainly  felt  during  construction  in  the  theoretical  model;  this  was  taken  to  have 
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no  further  effect  occur  100  days  after  any  bay  is  cast.  Although  the  figure  of  100 
days  assumed  is  quite  normal,  this  may  not  be  so  in  the  contractor's  construc- 
tion program. 


Shrinkage 

In  order  to  establish  the  rate  of  increase  or  instantaneous  values  of  shrinkage  for 
any  part  of  the  vessel,  it  is  necessary  to  know  when  a  particular  bay  is  poured 
and  how  long  after  the  pour  the  temperature  was  applied.  This  might  have  even 
not  been  known  to  the  contractors  as  different  time  interval  is  a  time-dependent 
quantity  and  is  extremely  difficult  to  measure.  In  the  theoretical  model  the 
shrinkage  of  concrete  is  related  to  time  and  temperature  loading.  For  input  the 
minimum  shrinkage  line  starts  from  0  to  100  microstrains.  The  initial  gradient 
of  the  maximum  shrinkage  line  is  then  continued  until  the  temperature  is 
applied  and  it  rises  linearly  to  a  maximum  of  400  microstrains. 


Temperature  Regions 

This  is  a  complex  phenomenon.  Movements  are  mainly  caused  by  a  uniform 
temperature  across  the  section  since  the  shrinkage  rates  are  dependent  on  this 
uniform  temperature.  This  may  not  be  the  case  for  temperature  crossfall  which 
causes  large  stresses  and  strains  with  negligible  movements.  The  combined 
effect  of  these  has  been  assumed  in  the  analysis. 

The  age  of  the  concrete  at  the  time  of  different  measurements  may  vary, 
which  also  has  an  effect  on  the  value  of  the  coefficient  of  thermal  expansion. 


Creep  Rate 

The  creep  rate  is  dependent  on  the  type  of  aggregate,  mixed  proportion  and 
temperature.  The  average  values  and  rate  increases  are  subject  to  a  variation  of 
±30%  due  to  the  different  quality  of  aggregate  from  any  one  pit  and  the  daily 
variation  of  the  mix.  Only  one  specific  rate  is  taken  in  the  theoretical  model  on 
the  basis  of  the  available  information.  The  vessel  may  have  a  different  creep  rate 
at  different  parts  and  they  may  be  dependent  also  on  the  age  of  the  concrete  at 
loading.  Although  such  variations  have  not  been  considered  in  the  present  input 
of  the  computer  program,  they  can  easily  be  handled  by  the  theoretical  model. 


Boundary  Restraints 

The  definition  and  provision  of  true  partial  restraints  in  the  program  at  the  level 
of  skirt  line  is  rather  difficult.  Owing  to  the  limited  computer  storage,  the 
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restraint  defined  is  the  rollers  in  the  horizontal  direction  and  linkage  effect  in  the 
vertical  dimension.  A  rigid  base  or  a  base  fully  restrained  was  not  considered 
since  they  would  prevent  movements  and  would  unnecessarily  cause  stresses  in 
the  concrete.  In  fact,  in  practice  the  bottom  of  the  cap  is  not  rigidly  jointed; 
instead  it  rests  on  the  pads  placed  at  a  pitched  circle  diameter  of  the  supporting 
ring  column  Structure. 


Data  for  Reactor  Vessels 

In  order  to  vahdate  the  theoretical  model,  data  for  the  Oldburv  reactor  vessel 
are  considered.  This  reactor  vessel  is  a  vertical  concrete  cyUnder  with  top  and 
bottom  concrete  flat  caps.  The  prestressing  tendons  are  arranged  in  the  walls  in 
a  hehcal  system  at  45°  with  1 1  layers  running  clockwise  and  1 1  anticlockwise. 
Each  layer  contains  160  tendons.  Some  tendons  are  diverted  and  brought  back 
to  position  since  a  systematic  pattern  of  tendons  cannot  be  followed  at  penetra- 
tion through  the  walls.  The  tendons  are  anchored  in  the  top  and  bottom 
stressing  galleries  creating  even  pitch  around  a  circle  for  each  layer.  In  both 
the  top  and  bottom  slabs  the  tendons  are  arranged  in  horizontal  layers. 

General  Data 

Tendons:  PSC  type  12  no/15  mm  diameter  having  nominal  high  tensile  steel 
strands  with  minimum  g.u.t.s.  277  t  per  tendon. 

Gas  design  pressure  =  3.45  MN/m^. 

The  main  dimensions  are 

2i?i  =  18.3ni        2//,  =  23. 5  m 
/  =  4.6m;       Z)i  =  Z>2  =  6.7rn 

where  i?i  =  internal  radius,  Hi  =  internal  height,  t  =  wall  thickness  and  Dx, 
D2  =  cap  thickness  top  and  bottom.  The  minimum  cube  strength  of  concrete  at 
28  days  is  41.37  KN/mm^. 
Conventional  reinforcement 

Primary  40  mm  diameter 
Secondary  12  mm  diameter 

Prestressing  losses: 

Vertical  tendons:  initial  3.5%  commissioning  7.4%,  30  years  16.7% 

Temperature:  inside  59°C,  outside  20°C 

Elastic  and  creep  ratio  for  concrete:  0.18. 

Lift  of  concrete  to  be  placed:  1.34  m. 

Es  =  Young  modulus  of  steel  =  200  KN/mm^. 

Ec  =  Young  modulus  of  concrete  =  41.4KN/mm^. 

V  =  Poisson's  ratio  for  steel  =  0.3 
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Coefficient  of  linear  thermal  expansion: 

Concrete  8.0  (iM/m°C, 
Steel  10.0  |iM/m°C. 

Thermal  conductivity: 

Steel  =  41.6W/m°C, 
Concrete  =  1.75  W/m°C. 

Liner  thickness  =  12  mm. 

Studs  =  12  X  16. 3  mm  pitchnot  exceeding  305  mm,  324  fuelling  pipes  andSl 
control  rods  with  outer  diameter  190  mm. 

Provision  for  holes  and  equipment  for  man  access  penetration,  BCD  pene- 
trations, corrosion  and  monitoring  sample  tubes,  CO2  inlet  penetration 
thermo  couples  and  gas  or  circulator  ducts.  Total  weight  of  appliances,  36 
66  750  kg,  suitably  distributed  at  an  assumed  35  number  of  hfts  based  on  their 
locations. 

Conclusions 

At  the  beginning  of  this  appendix  various  questions  were  raised  regarding  the 
accuracy  of  determining  movements  under  constructional  and  operational 
conditions.  As  is  evident  from  the  above  discussions,  results  from  the  proposed 
theoretical  model  compare  quite  well  with  those  measured  in  the  Old  bury 
vessel.  Unfortunately,  at  the  time  of  completing  this  appendix  no  results  were 
available  from  the  Hartlepool  and  Dungeness  vessels,  which  are  under  con- 
struction, and  therefore,  theoretical  results  could  not  be  compared. 

In  the  Oldbury  vessel  with  a  complicated  tendon  geometry,  the  analysis  for 
constructional  movements  shows  that  the  fuelhng  hne  in  the  top  cap  is  not 
straight  and  fuelling  pipes  in  the  stand  pipe  zone  have  moved  individually  from 
3.3  to  12.5  mm  from  their  original  marked  positions  measured  from  the  datum 
of  the  vessel.  These  figures  have  been  improved  when  the  vessel  is  prestressed 
longitudinally  and  circumferentially  and  correspondingly  they  range  from  1.7 
to  6.13  mm.  Obviously  these  figures  need  consideration  since  the  fuelling 
machine  will  be  relatively  out  of  alignment  with  the  stand  pipes.  The  compara- 
tive results  show  that  these  have  been  considered. 

It  is  suggested  that  this  method  will  give  a  useful  guide  to  the  other  important 
areas  of  equipment  where  movements  may  take  up  excessive  tolerances  and  thus 
introduce  costly  design  improvements.  As  and  when  more  data  are  released,  a 
great  deal  of  sophistication  can  be  achieved  in  these  results  by  using  the 
suggested  theoretical  model.  The  reader  may  attempt  to  work  on  the  results 
of  Hartlepool  and  Dungeness  B  measured  results. 

Acknowledgements  The  author  is  grateful  to  the  Central  Electricity  Generating  Board  for 
providing  data. 
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AIC.l  Appendix:  ISOPAR  And  F.  BANG 

The  complete  program  for  the  computing  movements  and  Elasto — plastic 
analysis  is  given  in  a  separate  Appendix  and  the  flowchart  is  given  here  in. 


722 


Appendix  C 


— 1 

m 

n   S2 

1 

E 
0 

1 

(0 

^   0 
CO  £ 

LU 

CO 
0 

"^  o 

o 

o 

0 

5   o 

GC'X 

'i 

■^ 

0      0 

LU       J 

!l 

2 

ra 

F  ii^ 

«  S" 

Q 

O 

Q  £ 

T. 


0     ^ 

0 

o  -J 

£0 

■o  o 

■a 

5? 

to 

«  to 

0    ^ 

Sj 

ri 

Jl    m 

5.g 

0  J; 

m     1= 

0    o 

to  9- 

C/3    Q. 

£0  x 
O    0 

_] 
E 

CO 
D) 
O 

CO 

o 


E 

CO 
D) 
O 


Appendix  D 

Safe  Analysis  for  Cooling  Pipes  for  Reactor 

And  Containment  Vessels 


General  Note 

Major  part  forming  this  appendix  has  been  pubhshed  by  the  author  in  the 
Nuclear  Engineering  and  Design,  55(1979),  pp.  305-313  by  North  Holland  Pub- 
lishing Company  under  the  same  title.  The  same  can  be  applied  to  containments 
for  PWR  where  cooling  pipes  are  needed.  The  parameters  will  be  different 
and  care  is  taken  to  simulate  data  for  Program  ISOPAR  or  similar  computer 
packages.  The  major  analysis  will  still  be  applied  to  any  kind  of  vessels. 

A  step-by-step  analysis  is  given  for  the  direct  computation  of  2D  heat  flow 
and  safe  pitching  of  the  cooling  pipes.  Two  models  of  the  cooling  system  have 
been  selected  and  calculations  have  been  carried  out  for  an  existing  vessel.  On 
the  one  model  this  analysis  is  compared  with  the  3D  finite-element  analysis  for 
obtaining  insulation  conductance  for  various  cooUng  pipes.  A  safety  factor  is 
estabhshed. 


Introduction 

The  coohng  system  is  located  behind  the  steel  liner  which  is  keyed  back  to  the 
concrete  by  an  extensive  array  of  lugs.  The  design  features  of  a  cooling  system 
depend  on  the  reactor  vessel  lay  out  and  the  method  of  anchoring  of  the  Hner.  In 
this  chapter  a  conventional  type  of  reactor  vessel,  namely  Dungeness  B,  is 
chosen  which  has  common  design  features  of  other  vessels  [1-3]  and  in  which 
the  heat  exchangers  are  contained  within  the  main  pressure  envelop.  The  heat 
flow  through  the  liner  and  the  concrete  is  therefore  divided  into  two  parts: 

(a)  Flow  in  the  liner 

(b)  Flow  in  the  concrete 

General  equations  are  required  for  the  heat  flow  along  the  Uner  to  the 
cooling  pipe  and  in  the  main  concrete.  These  equations  derived  in  this  Chapter 
which  gives  the  values  of  maximum  temperature  insulation  thicknesses  and 
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conductances.  Using  these  equations  and  knowing  values  of  certain  coeffi- 
cients, the  safe  pitch  value  between  any  two  cooHng  pipes  is  evaluated. 

To  produce  a  fully  optimised  design,  further  work  is  carried  out  on  the 
arrangements  of  coohng  pipes  in  regions  where  nuclear  heating  varies  and 
which  forms  a  large  part  of  the  heat  loading  of  the  system.  All  the  temperature 
distributions  derived  have  been  calculated  on  the  basis  of  a  3D  isoperimetric 
finite-element  analysis  using  frontal  solutions  [4].  For  the  vessel  hner  a  basic 
mesh  of  12  mm  is  used  with  an  adiabatic  boundary  at  a  depth  of  37  mm. 

The  overall  width  of  the  mesh  is  taken  to  be  half  the  pipe  pitch,  extending 
from  the  centre  hner  of  the  cooling  water  pipe  to  a  point  midway  between 
adjacent  pipes.  The  geometry  of  the  coohng  system  adopted  in  the  calculations 
consists  of  two  19  mm  I.D  and  25  mm  O.D.  mild  steel  pipes  welded  to  the  liner 
as  shown  in  Fig.  AID.l.  A  computer  program  ISOPAR  [7]  is  written  to  carry 
out  various  solutions  to  the  finite-element  analysis. 


Analysis  for  Heat  Flow  in  the  Liner 

Heat  flow  equations  are  derived  using  a  model  insulation  system  given  in 
Fig.  AID.l. 

Section  (I)-(l).  Heat  flow  equation 


Kt,{ST/dx^)dx  =  [Tg  -  6\Cidx+qdx.I.t, 


(AID.l) 


or 


T  =  ^e"  +  Be-''''  +  To  +  qtJC;  =  Ae'-'  +  Be-^'  +Tg  +  go/fiCi      (AID.2) 
Where  A,  B  are  constants  and  i  —  ^/Cj/Kts. 
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When  the  following  boundary  conditions  are  applied,  constants  A  and  B  are 
computed: 

X  =  0;  dT/dx  =  0,  at  x  =  0,  A  =  B,  at  x  =  \kp;  T=Ti 


A  =  [Ti  -  Tg  -  qo/l^C,]/ 


exp  (  -  1/sp  )  +  exp 


■2^4p 


Substituting  in  Eq.  (AID.l),  r,-nax  at  x  =  0  is  given  by 


-Tg+  T,-qo/fiCi 
T^ax  = rrr, \-Tg  +  qo/nQ 

cos  W^/l/sp 


(AID.  3) 


Net  heat  flow  along  (AID.2HAID.3)  gives 

-  K^-^dT/dy  =  ~K^(t>[{T,-  -  T,)m  =  -Ti:/,  dT/dx         (AID.4) 
But 


dT/dx  =  [Ti  -  TGqo/iiCi)li&n\il-L 


sp 


Therefore 


\K(l)T,/lc  +  Kt/At&n  h(jAl^p){TG  +  qo/t^C,) 
jK4>/l,  +  Kts tan  h{^Alsp) 


(AID.  5) 


Knowing  values  of  Tmax,  Tj  and  Tc  using  Eqs.  (AID. 3)  and  (AID.4),  the 
values  of  4p  is  computed. 


Analysis  for  Heat  Flow  in  Concrete 

Heat  flow  equations  are  derived  in  this  section  and  reference  is  made  to  an 
idealised  situation  given  in  Fig.  AID. 2. 

For  2D  gas  it  is  assumed  that  the  heat  flow  is  between  two  parallel  bound- 
aries. The  nuclear  heating  is  represented  by 


q^Qoe  '" 


(AID.6) 


Considering  3  strip  of  unit  depth  and  thickness 

at  X  =  0,  r  =  Ti ;  at  X  =  r  :  r  =  7> 


(AID.  7) 
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Both  heat  flow  across  and  that  generated  in  the  element  are  summed  up  and 
the  total  heat  flow  equation  is  represented  by 

-  K{d^T/dx^)dx  =  q.e-'^'Ax 

Upon  integration,  the  value  of  T  is  computed  as 

T  =  -{qo/Kft)e-''''  +  Cx  +  D  (AID.8) 

Applying  boundary  conditions  given  in  Eq.  (AID. 7)  values  of  C  and  D  are 
computed  and  the  following  equation  is  derived: 


D=T\+  qjKii^ 

T,  =  -{qo/Kix^)e-^"  +  Ct+Ty+  qjKi? 

At  X  =  t,T  =  T,  heat  flow 

^dr/d.\-  =  {qo/Kii)e-^"  +  C 
where 

C  =  l/t[{T,  ~  T,)  +  {qjKfi'){e-^"  ~  \)] 

D=Ti+  qo/Kj.i'^ 

Since  fit  is  large  at  x  =  ;  and  e"'"  -^  0. 

.-.  dT/dx  =  C 

Heat  flow  to  ambient  temperature  —  ht{Tt  —  Ti)  =  K.C. 


(AID.9) 


(AID.  10) 


(AID.  11) 
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h,T,  +  K,.Tx+q„/ti? 
'  h,  +  K/t 


(AID.  12) 


For    TmA,^,dT/dx  =  Q  =  {qo/Ki.L)e  '"  +  C,    hence    C   is    determined,    i.e. 
^LY  =  t„  -  qo/CKfi, 


n  =  -qo/CKfi 
Tma.=-(l+^)+D  =  -{l+  t„.n)  +  D 


(AID.  13) 


Analysis  of  Conductance  and  Insulation  Thickness 

Independent  analysis  of  conductance:  Mean  temperature  of  the  liner,  using  mean 
value  theorem  give 


2     /•l/2/sp 


'sp  Jo 


{Tg  +  A cos  hlx  +  B sin  hXx)Ax  (AID.  14) 


(VJ 


Tchp  +  {A /X)  sin  h-lkp 


2.     2^™*.     "'  1/ 

4n  's-'c 


■A 


'sp 


(AID.  15) 


Where  7"/  the  average  temperature  between  the  cooling  pipe  web  and  the 
liner. 


Ti 


IctsXTo  +  3^oJ■7'H^■cot  /^(^l/sp) 
lctsl  +  jt,o cot  h{\Akp) 


(AID.  16) 


Eliminating  T^  between  Eqs.  (AID.  15)  and  (AID.  16)  and  rearranging  the 
terms,  the  value  of  C,-  is  given  by 


C,= 


nKt,{0„,  -  To) 


Lp{hp  +  6t,.lJ{t,,){TG-0,„) 


(AID.  17) 


Insulation  thickness 


ti  =  {K/C';)[{T-O,„)/{TG-0,„)] 


(AID.  18) 
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If  k  varies  with  mean  temperature,  the  approximate  relationship  is  given  by 
^=0.002670;,,  +  1.533  (AID.  19) 

Where  B'„,  is  100<  r<700°C  and 

()L=\{T+0,„)  (AID.20) 

C,"  =  insulation  conductance  giving  a  mean  temperature  60°C 

Three-Dimensional  Finite  Element  Analysis 

A  more  refined  analysis  is  required  for  hear  conduction,  conductance  and 
insulation  thickness  in  3D  space.  Assuming  0  represent  Q,„  and  T/,  then  at  any 
point  the  temperature  Q  satisfies  an  equation  of  heat  conduction,  provided 
initial  and  boundary  conditions  are  given 

pCpM/dT'  =  div  (^grade  0)  +  q,  (AID.21) 

where  p,  Cp,K,q,dT'  denote  density,  specific  heat,  conductivity,  heat  genera- 
tion rate  and  incremental  time,  respectively. 

For  a  convective  heat  transfer  from  the  surface,  the  heat  flux,  f,  is  related  as 

f=K.^  =  hi{T-e)  (AID.22) 

where  n  is  the  direction  of  the  outward  normal  from  the  surface.  For  an 
insulated  surface  /  =  0  and  for  steady-state  condition  dO/dT'  =  0  but  in 
other  cases  the  temperature  is  allowed  unboundedly  though  at  a  constant 
rate.  An  approximate  solution  is  obtained  by  dividing  the  whole  vessel  and 
particularly  the  cooling  system  area  into  a  series  of  isoparametric  elements.  In 
this  case  a  20-node  isoparametric  (Fig.  AID. 3)  is  chosen.  One  assumption  is 
made  and  that  is  if  the  finite  set  of  unknown  temperatures  consists  of  the 
temperature  0  at  the  centroid  of  the  element,  then  the  foUowing  representation 
of  the  above  equations  for  any  element  is  true: 

Ci^  =  tl  ** (^'^-  -  ^')  =  '?'  (AID.23) 

where  6/  and  Ok  the  finite  element  and  boundary  temperatures,  0,  is  the  tem- 
perature of  the  ith  element,  C'-  is  the  heat  capacity  of  an  element  equal  to  pC,„ 
and  a's,  b's  are  constant  coefficients  known  as  'admittances'.  The  a's  measure 
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Fig.  AID.3  Three- 
dimensional  isoparametric 
20  node  hexahedron 


Local  System 


the  ease  with  which  heat  can  pass  between  the  one  isoparametric  element  and 
another  and  the  h  s  measure  the  ease  with  which  heat  can  pass  between  any 
isoparametric  element  an  a  boundary.  The  exact  form  of  admittances  depends 
on  the  particular  3D  geometrical  configuration. 

In  the  finite-element  process,  the  left-hand  side  of  Eq.  (AID. 23)  is  approxi- 
mated by  Crank-Nicholson  method  and  is  given  by 

{6„,{T'  =  AT')  -  0,„{T')}/AT'  (AID.24) 

and  the  right-hand  side  by  means  of  its  value  at  time  T  and  T'  +  AT'.  A  set  of 
equations  is  obtained  for  the  centroidal  temperatures  Om{T'  +  AT')  in  terms 
known  values  0,„{T') .  These  equations  are  solved  by  iteration.  Choosing  a  small 
enough  time  step,  the  iteration  converges  rapidly.  For  a  steady-state  condition, 
the  right-hand  side  of  Eq.  (AID.21)  must  be  equal  to  zero.  A  more  detailed  finite 
element  version  of  Eqs.  (AID. 23)  and  (AID.24)  is  given  in  the  text. 

During  the  solufion  of  Eq.  (AID.23),  Eqs.  (AID.  1 7),  (AID.  1 8),  (AID.  19)  and 
(AID. 20)  are  examined  for  conductance  and  insulation  thickness.  Appendix  E 
gives  a  general  layout  of  the  subrouti  terma  of  Program  ISOPAR  written  for 
CDC  6600/7630.  A  provision  is  made  in  this  program  for  determining  conduc- 
tance with  and  without  nuclear  heating. 


Application  to  Dungeness  B  Vessel 

In  order  to  test  the  above  analysis,  data  given  below  for  the  Dungeness  B  vessel 
is  used. 
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Cooling  water  (T„) 

Maximum  temperature 

Velocity 

K  values  (thermal  conductivity): 

Steel 

Concrete 

Insulation 

Concrete  heat  transfer  coefficient  (A,)  At  outer  face  1.5 
CHU/ft-hr  °C 


35°C 
4ft/s(1.22m/s) 

26  CHU  ft/ft-  °C  (45  W/m°C) 
0.84  CHU  ft/ft^h  °C 

(1.445  W/m°C) 
2.00  CHU  ft/ft^r  °C 

(0.29  W/m°C) 
(4.733  Wm^h  °C) 


Gas  temperature  in  vessel 

local  to  wall  (TG) 

Ambient  temperature  at  outside  wall  of  vessel 

Liner  thickness  (fj  or  ty„ 

Volumetric  heating  in  vessel  liner 

Volumetric  heating  in  vessel  concrete 


Average  temperature  (fi^,) 
Coohng  pipe  pitch  (/)sp 


Insulation  conductance  (C,) 
Thickness  of  concrete  (0 


450°C  to  750=C 

25°C 

'A  in  to  %  in  (12-19  mm) 

152.0  CHU/ft^^h 

(5663.4  CHU/m^  h) 

34.36  e-''" 

CHU/ft^  h 

(1280e-''"kJ/m') 

60°C 

6  in.  (150  mm),  x  10  in.  (250  mm) 

14  in.  (350  mm)  and  18  in.  (450  mm) 

CHU/ft^  h  °C. 

(W/m  °C) 

12  ft  6  in.  (3.81m) 


Initial  Specimen  Calculations 

For  the  Dungeiiess  vessel  parameters,  the  specimen  calculations  are  carried  out 
for  maximum  temperatures  developed  in  the  liner  and  in  the  concrete  in  the 
presence  of  cooling  pipes  at  suitable  pitches.  Figures  AID.  1  and  AID. 2  are  used. 
For  the  liner,  using  t^=  \9  mm.  Tj  =  29.4°C,  Cy  =  0.4,  Tc  =  750°C  the 
following  parameters  are  obtained: 


1: 


0.496,qo/n- 
,  =  46°  C,  /,„ 


59.6,/,  =  0.875, 
=  277  ffwi  (10.9"). 


For  concrete,  the  following  parameters  are  obtained: 


(AID.25) 
(AID.26) 


T,  =  26.67°C,  Ti  ^  82.23° C,/i,  =  1.5, 
qo  =  71.6,  ^=0.84,  T2  =  31. 5° C,  Tmax  =  93.2° C. 


(AID.27) 
(AID.28) 
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Table  AID.l   Vessel  liner  results 


Pitch 


Insulation  conductance  Ci 
6  in.  Mean  membrane  temp.  0^ 

(150  mm)  Max.  membrane  temp.  Tmax 

Insulation  conductance.  C, 
10  in.  Mean  membrance  temp.  6ni 

(250  mm)  Max.  membrane  temp.  T^.,^ 

Insulation  conductance  Cj 
14  in.  Mean  membrane  temp.  0^ 

(350  mm)  Max.  mernbrane  temp.  T„^.,^ 

Insulation  conductance  Ci 
18  in.  Mean  membrane  temp.  9n, 

(450  mm)  Max  membrane  temp.  r,nax 


0.4 

0.6 

0.8 

1.0 

54.7 

63.2 

71.3 

79.1 

55.9 

64.9 

73.5 

81.8 

0.2 

0.4 

0.6 

0.8 

52.0 

65.5 

78.1 

89.7 

53.6 

68.2 

82.0 

94.7 

0.3 

0.4 

0.5 

0.6 

68.1 

76.8 

85.1 

93.1 

72.1 

81.9 

91.2 

100.1 

0.2 

0.3 

0.4 

66.4 

77.9 

89.3 

71.2 

84.5 

97.5 

Values  of  the  mean  and  maximum  liner  temperature  for  each  combination  of 
pipe  pitch  and  insulation  conductance  are  given  in  Table  AID.l.  The  values  of 
conductance  are  based  on  Eqs.  (16)  and  (17).  In  the  Dungeness  B  vessel  pipe 
pitches  greater  than  1 50  mm  are  not  practicable,  the  reason  being  that  the  space 


MODEL  ADIABATIC 
BOUNDARY 


Fig.  AID.4  Isotherm 
pattern 


VESSEL  LINER  INSULATION 

Insulation  hot  face  temp.  450  °C 
Pipe  pitch  -  6' (150  mm) 
Insulation  conductance 


■0.4 
■0.6 
■0.8 
■  1.0 
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Fig.  AID.5  Dungeness  B 
type  vessel  temperature 
distribution 


available  for  the  insulation  is  limited  to  about  75  mm  rather  than  only  on 
economic  grounds.  The  estimate  of  the  thickness  of  the  insulation  for  a  given 
mean  temperature  at  a  given  coohng  pipe  pitch  is  given  by  Eqs.  (AID.  18)  and 
(AID.20). 

Using  three-dimensional  finite  element  analysis  and  considering  the  cooling 
pipe  zone  in  the  vessel  where  cooling  tubes  lie  on  each  side  of  the  lug  attached  to 
the  hiier,  isotherm  patterns  are  drawn  for  insulation  conductance  varying  from 
0.2  to  1.0.  In  this  case  the  insulation  hot  face  temperature  is  taken  to  be  450°C. 
The  cooling  pipe  pitch  is  maintained  as  150  mm.  Nuclear  heating  in  the  liner 
and  concrete  is  included  in  the  analysis.  Figures  AID. 4  and  AID.5  show  such 
isotherm  pattern  using  program  ISOPAR  with  subroutine  TERMA. 
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Comparison  of  Two  Methods  of  Calculation 

To  make  a  comparison  on  the  basis  of  neglecting  nuclear  heating  in  both  methods 
of  calculation,  the  insulation  thicknesses  at  450°C  hot  face  temperature  appro- 
priate to  liner/concrete  wall  are  converted  back  to  conductance  using  the  assumed 
conductivity  of  2  CHU  in./ft^  h  °C  (0.29  W/m  °C).  The  comparative  values  of  Q , 
the  insulation  conductance,  are  given  in  Table  AID. 2  for  different  cooling  pipe 
pitches  and  with  and  without  nuclear  heating.  The  results  are  in  good  agreement 
among  themselves  and  with  those  obtained  from  prototype  data  (1,6). 

Table  AID.2   Comparison  of  insulation  conductances 


Insulation  conductance  Q  (CHU/ft^  h  °C)  for  T^  = 

=  60'C  and  Ta  =  450°C 

Direat  approach 
Cf  =  O.H32/p(p  + 

4) 

Finite  element 

Cooling  pipe 
pitcli 

Nuclear  heating 
neglected 

Nuclear  heating 
included 

Without  nuclear 
heating 

6  in.  (150  mm) 

0.370 

0.528 

0.356 

10  in.  (250  mm) 

0.207 

0.310 

0.215 

14  in.  (350  mm) 

0.138 

0.203 

0.159 

18  in.  (450  mm) 

0.101 

0.146 

0.115 

Conclusions 

A  simplified  approach  for  computing  temperature  distribution  in  the  steel  liner 
and  concrete  of  prestressed  concrete  reactor  vessels  has  been  presented.  A 
provision  is  made  in  this  analysis  for  estimating  the  cooling  pipe  pitches, 
insulation  thicknesses  and  conductances.  A  3D  finite-element  analysis  has 
been  carried  out  for  comparison  and  vahdation  of  the  above  analysis. 
Notation 

Ci  =  conductance  of  insulation 

hf   =   heat  transfer  coefficient  from  outer  concrete  surface  to  ambient 

temperature 
k  =  thermal  conductivity 
4  =  length  of  coohng  pipe  from  the  hner 
/sp  =  pitch  between  coohng  pipes 
T'  =  time  AT'  =  time  increment 
T  =  temperature;  T"  transpose 
/  =  thickness  of  concrete 
/,  =  thickness  of  insulation 
t,.  =  liner  thickness 

0ni  =  mean  temperature;  0^  =  temperature  at  nodes 
(p  =  equivalent  diameter  of  coohng  pipe 
1,  fi  =  =  coefficients  defined  in  the  text 
X  =  distance  measured  from  the  liner  concrete  interface 
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P  =  shape  function 
p  =  density 

Appendix  D.l 

3-D  Finite  Element  Formulation 
Basic  Thermal  Diffusion  Equation 

Equations  (D.21),  D.22  and  (D.23)  are  referred  basic  thermal  diffusion 
equation 


[C,]    b    +  [K]{e}  =  {q}={  qy 

^-- J 
Heat  flow  temperature  virtual  work 

{q}  =  [Dm 

where 


[D]  = 


^r.T      0        0 

0  Kyy  0 

0        0^- 


(D.l) 


(D.2) 


b  =  temperature  vector  = 


5^v  =  virtual  work  =  /  {6bY" {q]  dvol  ^{5d„Y" 


,T" 


{B}'   [D][B]dYo\{0„} 


where 


'dp 

dx 

T"- 

'dp 

T" 

1 

T" 

[B]  =  strain  displacement  matrix  =       ^ 


{0,,}  =  nodal  or  centroidal  temperature;  {p} shape  function 
9{x,y,z)  =  [Pf{e„} 

The  virtual  work  associated  with  convective  surfaces 
Equation  (D.22)  is  referred  to  internal 


(D.3) 

(D.4) 
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5wi  ^  J^  5Aqe„d  (area) 
AO^O{x,y,z)-T 

q,j  =  vector  direction  normal  to  the  surface  =  h,A6 
Hence 

5w  =  {80,y"  q  I  [P]  dvol  (D.6) 

i?  =  rate  of  heat  generation/unit  volume.  The  virtual  work  associated  with  a 
change  stored  energy  in  the  light  of  Eq.  (D.2)  is  written  as 

=  {56,y" pCp  J  {P}{Py''dvo\[0„] 
where 

[6,,]  =  HO„}/^T' 
Total  element  conductivity  and  specific  heat  material  conductivity  matrix 

[Kl^h,    [  {Plg]{PlgY"dA  (D.8) 

J  A 

Specific  heat  matrix 


[K],^,  =  pCpf  {P]{PY"dvol 

J  A 


The  element  heat  flow  matrix 

{q},  =  h,TS^{Pk}dK 

Wg  =  ^/v{^}dvol 
dvol  =  det  {/}d(^  d;/  dC 

Time  integration  scheme  quadratic 

{0} 

where  T^  =  initial  time,  T[  =  previous  considered  time,  Jj  =  previous  time 
considered,  T'l  =  T^  —  Tj,  {Ot-i},  etc.  =  temperature  at  previous  time  steps. 


'2At:,  +  at;  1   .^.,,^. 
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Appendix  D.2 
Subroutine  terma 


PROGRAM 
ISOPAR 


TIME 

INTERPRETATION 

QUADRATIC 


TYPES  OF  ANALYSIS 


STEADY  STATE      * 


Read  Geometry. 
Boundary  values, 
Fluxes 


READ  COOLANT  PROPERTIES 


FROM  EQUATIONS 


SET  ALL 

TEMPERATURES  EQUAL 
TO  9  (input) 


"n 


EVALUVATE  K 


SOLVE  FOR 

{6} 


MAX  DEFAULT 


ITERATE  SOUTION 


IS 
ITERATE 
COMPLETE 


NO  - 


WRITE  RESULTS 
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Appendix  E 

Programs  Subroutines  (For  ISOPAR 

and  F.  BANG) 


E.l  Introduction 

This  appendix  gives  sliort  repetitive  notes  first  associated  with  programs  ISOPAR 
and  F.  BANG.  These  are  then  followed  by  computer  listings  of  these  programs. 

E.2  Mass  Matrices  and  Stiffness  Matrices  and  Others 

Table  AIE.l  Stiffness  and  mass  matrices  (courtesy  STRUCOM,  London) 

Orders  of  degree  of  freedom 

The  stiffness  matrix  in  element  co-ordination 


[^i]  = 


AE 


Ci 

0 

0 

-Ci 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

-Ci 

0 

0 

Ci 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Where 

A  =  element  cross-sectional  area 

E  =  Youngs's  modulus 

L  =  element  Length 

Ci  =  value  given  in  the  below 


[5i]- 


0 

Ci 
0 
0 

0 


0 
0 

Ci 
0 
0 


-Ci     0 


0 

-C2 

0 
0 

C2 

0 


0   ■ 
0 

0 
0 
Ci  . 


17,1 
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Table  AIE.l 


Value  of  stiffness  coefficient  (C|) 


Previous  iteration  resulted  in  a  tensile 
strain 


Previous  iteration  resulted  in  a  compressive 
stress 


1.0 
1.0 
0.0 


.Ox  10" 


0.0 

1.0  X  10" 

1.0 

1.0 


3D  elastic  beam 


Fig.  AIE.l  Three- 
dimensional  elastic  beam 


..uPi. 


Stiffness  and  mass  matrices  (courtesy  STRUCOM,  London) 

Orders  of  degrees  of  freedom 

The  stiffness  matrix  in  element  co-ordinates  is: 


[^i]  = 


AEjL 


u 

a- 

0 

0 

a. 

0 

0 

0 

GJ/L 

0 

0 

d. 

0 

ey 

0 

C; 

0 

0 

0 

e- 

AEjL 

0 

0 

0 

0 

0 

AE/L 

0 

h. 

0 

0 

0 

d-_ 

0        a. 

0 

0 

fe. 

0 

Cy 

0 

0        0 

0 

0 

0 

-GJ/L 

0 

0 

0        0 

0 

0 

rf. 

0 

fv 

0 

0        0 

0    a,, 


0    /,        0       dy    0 


Symmetric 


0     GJ/L 


0 


ey 
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^  =  cross  —  sectional  area     M,  =  {pA+)7i)L{\~E'")' 
E  =  Young's  modulus 
L  =  element  length 
G  =  shear  modulus 


'-,,  =  J^  =  radius  of  gyration 

-y  =  J^  =  radius  of  gyration 

[M|]=M, 


p  —  density 

m  =  added  mass 

e'"  =  prestrain 

A-_  =  a(i--_, 

Ay  =  A{ry, 

Ey    =    E 


('-*;■) 


IK, 


1/3 

0    A, 

Fy 

-H' 

-</':-) 

0     0 

Ay 

0     0 

0 

J./3A 

Symmetric 

0     0 

-Cy 

0 

Ey 

0    C- 

0 

0 

0 

E, 

1/6  0 

0 

0 

0 

0 

1/3 

0   5- 

0 

0 

0 

D, 

0 

A: 

0     0 

By 

0 

-Dy 

0 

0 

0 

Ay 

0     0 

0 

-J,/6A 

0 

0 

0 

0 

0    J,/3A 

0     0 

Dy 

0 

^v 

0 

0 

0 

Cy       0       E 

0   D, 

0 

0 

0 

E, 

0 

-C- 

0        0        0 

0  E-. 


Fig.  AIE.2  Order  of  degree 
of  freedom 


'^ 


3 

4/ 


10 
Symmetric 
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and  where 

13/35  +  7/10(/)'  +  l/3(/)'-  +  6/5{r/Lf 


(1 +  </-')- 
9/70  +  3/10(/.'  +  l/6<^'2  -  6/5{r/Lf 

(11/210+  11/120(/)'-  +  l/24(t>'-  +  (1/10-  l/2(l)'){r/Lf)L 

(1 +  -/>')' 
(13/420  +  3/40(t>'  +  l/24(/.'2  -  (1/10  -  l/2(t>'){r/Lf)L 

(1/105  +  l/60(/)'  +  1/120(/.'^  +  (2/15  +  l/6<^'  +  l/30'^)(r/L)^)L2 

(1/140 +l/60(/)'+l/120(/»'-  + (1/30 +l/6(/>'-l/6<^'-)(r/L)^)L^ 


/  =  torsional  moment  of  inertia 

/x  =  input  as  Ixx 

/x  =  Polar  moment  of  inertia  =  /,,  +  4 


A-     If  A-  =  0 
/,     if/,^0 


AIE.2.2  The  element  mass  matrix  in  element  co-ordinates 


[Ml]  =  {pA  +  m)L{l  -e'") 

1/3           0  0  1/6           0                 0 

0  A{r,4>')  C{r,4>')        0  B{rA')  -D{r,^') 

0  C(r,</,')  £(,-,(/)')         0  D{r,(^')  -F{r,(^') 

1/6           0  0  1/3           0                  0 

0  fi(r,f)  7)(r,(/)')        0  A{r,ct>')  -C{r,^') 

0  -7)(r,(/)')  -Fir,c^')       0  -C(r,0')  £(.,</,') 


where 

p  =  density 
m  =  added  m 
fi'"  =  Prestrain 
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F{r,ct>' 


13/35  +  1/\Q4>'  +  l/3(/)'-  +  6lS{r/Lf 

(!  +  </'')' 
9/70  +  3/10(/)'  +  l/6(/)'-  -  6/5{r/Lf 

(1 +  </>')' 
(11/210+  11/120(/)'^  +  l/24(/)'^  +  (1/10-  \/l(t)'){rlL)-)L 

(1  +  f)' 
(13/420  +  3/40(/>'  +  l/24(/)'2  -  (1/10  -  \l24)'){r/Lf)L 
(1 +  </'')' 


(1/105 +l/60(/)'+l/120(/.'^ 

+  (2/15+l/6(/)' 

+  l/3f2)(,/L)2)L2 

(1/140+ l/60(/)'+ 1/1200'^ 

+  (l/30+l/6</)' 

-  l/6f  2)(r/L)^)L2 

(1  +  0')' 


r  =  \/-7  =  radius  of  gyration 

V    -^ 


AIE.2.3  Element  types,  shape  functions,  derivatives,  stiffness  matrices 


EA 
L 

i-^l+f,,) 

0        0      ^^^ 


L3(l+T,) 


0        0 
0        0 


0       f 

-6£/„       r,      (4+t)£/„ 


0  ^^^     0       0       0       (^±^ 


^      0  0        0        0 


XlEIc 

L3(l+T„) 


0        0        0 


0      f 

(,Eh     n     n^/. 


0  0  T^^f^      0       T^""'" 


L-Vl+T;)       "       L^a+T' 


Z.2(l+T„)  i^(l+T,) 

0       0       0 


00  0=^=^0  000 


Z.-'(l+T„) 

0      f 


'^  "  /.^(l+T,,)      '^         i(l+T,) 


0       0       0      ^.^^  0  <'+'^-''''" 


L2(l+T^;)     "     L(1+T;) 


0 


6EI£ 
L^(l+T„) 


0       0        0      (!;!0^o^^ 


0     0     0     ('+^")^'^ 

Z.(l+T„)  /.^(l+T,,)  i(l+?„)    . 
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UEh        ^^^,        ^  A    [T^Y  MEL 


Ag  =  shear  area  T  =  torsional  moment  of  inertia  P  =  density  £,,  r]  local  axes 
are  parallel  to  Z  and  Y  axes 

The  element  pressure  load  vector  in  element  coordinates  IS 


Table  AIE.2 


Value  of  stress  stiffness  coefficient  (C2) 
Previous  iteration  resulted  in  a  tensile 
stress 


Previous  iteration  resulted  in  a  compressive 
stress 


1.0 
1.0 

0.0 
AE 

Fx  10*5 


0.0 
AE 

Fx  10« 
1.0 

1.0 


for  the  first  iteration  :  AEs^'^ 

for  all  subsequent  iterations  :  the  axial  force 

in  the  element  as  computed  in  the  previous 

stress  pass  of  the  element  (output  quantity) 

FORC 
C2  —  Value  given  in  the  table  above 


AIE.2.4  The  matrix  for  the  tension-only  or  compression-only  spar 


[M,_ 


rl 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Symmetric 

M, 

0 

0 

0 

0 

0 

0 

2 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0 

.0 

0 

0 

0 

0 

0 

0 

0 

0 

0    0    0 
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Table  AIE.3   Chain  rule 


du 
BX 
du 
BY 
du 
BZ 
ch 
BX 
dy_ 
BY 

Sl 

BZ 

aw 

BX 
du 
BY 

Bii 
_  BZ 


c„ 

C,2 

C,3 

0 

0 

0 

0 

0 

0 

C21 

C22 

C23 

0 

0 

0 

0 

0 

0 

C31 

C32 

C33 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Cu 

Cu 

Cl3 

0 

0 

0 

0 

0 

0 

C21 

C22 

C,3 

0 

0 

0 

0 

0 

0 

C31 

C32 

C33 

0 

0 

0 

0 

0 

0 

0 

0 

0 

c„ 

C,2 

C,3 

0 

0 

0 

0 

0 

0 

C21 

C22 

C23 

0 

0 

0 

0 

0 

0 

C31 

C32 

C33 

-du- 

5? 

du 

an 

du 


dv 
dtl 
du 
dQ 
9w 

ai 
aw 
an 

dw 
-3g- 


where 


C 


()YdY_dZdY  ^      _  dZdY  _  dZdY 

di  di        dii  di  ^12  —  di  dz        di  Oq 

r-      _  r2YdZ_dZdY  ^      _  dZdX  _  dXdZ 

•^13  —  ai  9j         a^  d-  '-21  —  g^  g-         g^  g^ 

f-      _  dXdZ_dZdX_  ^      _  dZdX  _  dXdZ 

^22  —  g^  g~        g^  g^  '-23  —  g^  ^ij        di  dn 

C      —  dXdY_dYdX  r      —  dYdX  _  dXdY 

*^31  —  a^  gj        g,j  g^  ^-32  —  g^  g^        g^  g^ 

/-      _dXdY_dYdX 
33         di^  dr]        dc,  dij 


det  [J]  =  the  determinant  of  the  Jacobian  matrix 

Table  AIE.4   Stress  and  strain  transformation  matrices 

{n'}{r,"} 


Global  axis 


Local  axis 


.Y 

y 

z 

i 

/l 

/«i 

n\ 

V 

I2 

mj 

«2 

C 

h 

OT3 

"3 

Direction  cosines  of  the  two  axes  are  given  by 

l\  =  cos((^,.\')  m\  =  cos((^,  v)  «i  =  cos(c,z) 
/2  =  cos(f;,x)  OT2  =  cos((^,  j)  «2  =  cos((;,z) 
/3  —  cos(5,x)      nil  =-  cos(c,>')      «3  =  cos((;,z) 
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The  following  relationships  can  be  written  for  local  and  global  strain  and 
sterss  vectors: 


and  also 


K}-[7^JK}  {^.}  =  {T.y  K} 


[T'J] 


[t:] 


K-} 

-[r.lKi  K}^ 

T.Y   {<■} 

/? 

m\ 

ni 

/imi 

WIlHi 

/l«l 

P2 

ml 

n\ 

kmi 

W2«2 

/2«2 

ll 

m\ 

nl 

hnn 

m^n-i 

hm^ 

2/1/2 

2m\m2 

2«i«2 

/1OT2  +  /2W1 

mi«2  +  »^2« 

/l«2  +  /2«1 

2/2/3 

2ot2»13 

2n2n3 

/2W3  +  /3OT2 

7«2«3  +  njmz 

/2«3  +  /3n2 

2/1/3 

ImjifiT, 

2W1H3 

/1OT3  +m\l^ 

m^ni,  +  m^n 

hn^  +  n^h 

\l\ 

mi 

n\ 

llimi 

2m\n\ 

2/i«i      - 

ll 

ml 

nl 

2/2W2 

2m2n2 

2/2K2 

ll 

ml 

nl 

Ihmj, 

2»l3«3 

2hmj, 

I  ill 

m\m2 

«1«2 

/|W2  +  hmx 

«7|«2  +  ni«';2 

/l«2  +  /2«1 

kh 

mjm^ 

«2«3 

hm^  +  hm2 

«72«3  +  H2'W3 

/2«3  +  /3«2 

./1/3 

mim^ 

«1«3 

l\m^  +  Ipni 

mi«3  +  m3«i 

/l«3  +"1/3- 

E.3  Criteria  for  Convergence  and  Acceleration 

Convergence  Criteria 

To  ensure  convergence  to  the  correct  solution  by  finer  sub-division  of  the  mesh, 
the  assumed  displacement  function  must  satisfy  the  convergence  criteria  given 
below: 

(a)  Displacements  must  be  continuous  over  element  boundaries. 

(b)  Rigid  body  movements  should  be  possible  without  straining. 

(c)  A  state  of  constant  strain  should  be  reproducible. 

Euclidean  norm  i/^i/i?]  <  C.  The  term  i/'i  represents  the  unbalanced  forces 
and  the  norm  of  the  residuals.  With  the  aid  of  the  iterative  scheme  described 
above,  the  unbalanced  forces  due  to  the  initial  stresses  Ox  become  negligibly 
small.  As  a  measure  of  their  magnitude,  the  norm  of  the  vector  \\^x\\  is  used.  The 
Euchdean  norm  and  the  absolute  value  of  the  largest  component  of  the  vector 
are  written  as 
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ll'AII  =  (l'Ai|-+---  +  l«A„ 

11^/ 


1/2 


T"  \  '/2 


where  T"  =  Transpose 

The  convergence  criterion  adopted  is 


lliAII  =max|i>,.|<C  =  0.001 


(MET) 


(AIE.2) 


E.4  Uniform  Acceleration 

Various  procedures  are  available  for  accelerating  the  convergence  of  the  modi- 
fied Newton-Raphson  iterations.  Figure  AIE.l  shows  the  technique  of  com- 
puting individual  acceleration  factors,  8i  and  82  are  known.  Then,  assuming  a 
constant  slope  of  the  response  curve,  and  from  similar  triangles,  the  value  of  62, 
is  computed: 

—  =  —  <)3  =  <52^  (AIE.3) 

When  ^3  is  added  to  62,  then  the  accelerated  displacement  b'j  is  expressed  as 


d'  =  ,52  +  .53  =  .52     1 


=  a^7. 


where  the  acceleration  factor  a  is 


a=  1 


62 
<5i 


(AIE.4) 


(AIE.5) 


Fig.  AIE.3  Position  vectors  and  motion  of  a  deforming  body 
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Fig.  AIE.4(a)  Newton- 
Raphson  method 


AP 


F  =  KU 


Fig.  AIE.4(b)  Initital  stress 
method.  Note:  AP  is  a 
specific  value  of  F 


AP 


F  =  KU 


Fig.  AIE.4(c)  Technique  of 
computing  acceleration 
factors 


(5i  82  63 
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elastic  response 


Fig.  AIE.4(d)  Graphical  representation 


elastic  response 
decelerated  response 


Fig.  AIE.4(e)  Linear 
acceleration  and  load 
assumptions  of  the  Wilson 
9  method 


8, 


R,  +  A1 


R,  +  0t 


t+At 


t  +  0t 


Fig.  AIE.4(f)  Quadratic  and 
cubic  variation  of  velocity 
and  displacement 
assumptions  of  the  Wilson 
9  method 


^^^ 

L 

St 

5,  + At 

8t  +  0i 

8i 

8i  +A1 

8i+0t 
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' 

t  +  At 


t  +  0t 


Generally  the  range  of  a  is  between  1  and  2.  The  value  of  a  =  1  for  zero 
acceleration,  and  the  value  of  a  reaches  the  maximum  value  of  2  when  the  slope 
of  the  b  — R  curve  approaches  zero. 

The  acceleration  factor  a  is  computed  individually  for  every  degree  of  free- 
dom of  the  system.  The  displacement  vector  obtained  from  the  linear  stiffness 
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matrix  [/cq]  is  then  multiplied  by  the  [a]  matrix  having  the  above  constants  on  its 
diagonals.  The  remaining  components  of  [a]  are  zero.  The  accelerated  displace- 
ment vector  is  then  expressed  as  follows: 

{Aw;.}  =  [ai-i]{+Auj}  (AIE.6) 

From  these  accelerated  displacements  {AMjjthe  initial  stresses  {cro}  are 
found  and  they  are  equiUbrated  with  the  forces  {i/zj}  They  are  then  used  for 
the  next  solution 

{AS,}  =  [Ko]-'{^i}  (A1E.7) 

which  results  in  a  new  set  of  acceleration  factors.  Now  an  estimate  for  the 
displacement  increment  is  made  in  order  to  find  the  incremental  stresses  and 
total  stresses. 

The  residual  forces  needed  to  re-estabhsh  equihbrium  can  now  easily  be 
evaluated 

{ijy,}  =  J[Bf{aoJdV-{Ri}  (AIE.8) 

where  {i?,}  represents  the  total  external  load;  dV  is  the  volume. 
A  new  displacement  now  results  from 

{Aw,+  i}  =  -[Zo]"'{«A,}  (AIE.9) 

In  order  to  carry  out  these  iterative  steps,  numerical  integration  is  required. 
First  of  all  the  evalanation  of  {i^j}  from  the  initial  stresses  is  required,  and  this 
requires  integration  over  the  elastic — plastic  region  only.  The  value  of  {i/^j}  is 
computed  by  carrying  out  the  integration  over  the  entire  domain  of  the  analysis. 
Since  these  kinds  of  accelerated  steps  unbalance  the  equilibrium,  therefore  it  has 
to  be  re-estabhshed  by  finding  the  residual  forces  {i^i}.  Since  the  state  of  stress 
produced  by  the  accelerated  displacements  is  not  in  balance  with  the  residual 
forces  of  the  previous  iteration,  the  new  residual  forces  {i/'i}  of  Eq.  (AIE.9) 
must  balance  {ctt}  and  {Ri}.  Here  the  acceleration  scheme  is  needed  to  preserve 
equilibrium,  which  will  eventually  make  the  equivalent  forces  over  the  whole 
region  unnecessary.  This  is  achieved  by  applying  a  uniform  acceleration,  i.e.  the 
same  acceleration  factor  A  to  all  displacements,  found  by  averaging  the  indivi- 
dual factors  a, 

I    " 
^  =  -Va,'  (AIE.IO) 

1  —  1 
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The  force-displacement  equation  is  then  written  by  multiplying  both  sides 
with  the  scalar  quantity  A  without  disturbing  the  equilibrium. 


A{Aui}  =  [KorAi^f} 


(AlE.ll) 


Now  to  evaluate  {lAi+i}},  the  previous  value  of  {i/'i}  must  be  multiplied  by 
A,  and  the  previously  accelerated  forces  from  the  initial  stresses  {fjo}  must  be 
included  such  that 

{iA,+i}  -  /  v[Bf'{'^o}dV-  {A  -  l){^i_i}  (AIE.12) 


Superelement  and  Substructuring 

In  general  terms,  such  formulations  are  described  by  the  following: 


K       Kr 


Kb  KrR 


u 
TTr 


F 


(AIE.13) 


The  subscript  R  represents  reaction  forces.  The  top  half  of  Eq.  (A1E.13)  is 
used  to  solve  for  {[/}; 

{U}  =  ~[K]-'[Kr]{Ur}  +  [K]-'{F}  (AIE.14) 

The  reaction  forces  {Fr}  are  computed  from  the  bottom  half  of  the  equation 


as 


{FR}=[KRf'{U}+[KRR]{UR} 


(AIE.15) 


Equation  (AIE.14)  must  be  in  equihbrium  with  Eq.  (AIE.15). 

For  large  structures  with  complicated  features,  a  substructure  (super 
element)  may  be  adopted  on  the  hues  suggested  in  Eq.  (AIE.13).  This  super 
element  may  then  be  used  as  a  reduced  element  from  the  collection  of  elements. 
If  subscripts  r  and  r'  represent  the  retained  and  removed  degrees  of  freedom  of 
the  equations  partitioned  into  two  groups,  then  the  expressions  in  Eq.  (AIE.13) 
can  be  written  as 


Krr        Kri-i 


El 


Equation  (AIE.  16)  when  expanded  assumes  the  foUowing  form: 
{F,]  =  [K,,]{U,.]  +  [K,,]{U,} 
{F,]  =  [K,,]{U,.]  +  [K,,]{U,} 


(AIE.  16) 

(AIE.  17) 
(AIE.  18) 
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When  a  dynamic  analysis  is  carried  out,  tlie  subscript  r  (retained)  represents 
the  dynamic  degrees  of  freedom. 

When  Eq.  (AIE.18)  is  solved,  the  value  of  U,-'  is  then  written,  similarly  to 
Eq.  (A1E.14). 


{U,}  =  [K,,]-'{F,}  -  [K,,]-'[K,,]{U,} 
Substituting  {U,'}  into  Eq.  (AIE.17)  gives 


(A1E.19) 


[K,,.]  -  [K,,][Kr,V[Kr'r]\]{U,.}  =  \{F,}  -  [K,,][K,.,]-' {F,} 


(A1E.20) 


or 


where 


[K]{U}  =  {F} 


(A1E.21) 


[K]^[K,.r]~[K,,][K,,r[K„.] 


(A1E.22) 


{F}^{F,}-[K,,][K,,r'{F,} 


(A1E.23) 


{U}^{U,.} 


(AIE.24) 


and  [K]  and  {F}  are  generally  known  as  the  substructure  stiffness  matrix  and 
load  vector,  respectively. 

In  the  above  equations,  the  load  vector  for  the  substructure  is  taken  as  a  total 
load  vector.  The  same  derivation  may  be  applied  to  any  number  of  independent 
load  vectors.  For  example,  one  may  wish  to  apply  thermal,  pressure,  gravity 
and  other  loading  conditions  in  varying  proportions.  Expanding  the  right-hand 
sides  of  Eqs.  (A1E.15)  and  (AIE.16)  gives: 


{Fr}^J2i^"} 


(AIE.25) 


i=l 


{F,}  =  J2{Fr'i} 


(AIE.26) 


i  =  1 


where 


[GJ  =  matrix  of  shape  function  derivatives 

[tJ  =  matrix  for  the  current  Cauchy  stresses  i.e.  true  stresses  ct. 
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[Fll  -  /  [B,]^'Vad(Vol)  (A1E.27) 

The  increment  of  large  strain  [Asn]  is  then  written  as 


[A£n]=[i?l/2]'^"[AEn][i?l/2]  (AIE.28) 


where 


[-^^1/2]  =  rotational  matrix  from  the  polar  decomposition  of  the  deformation 
gradient  at  the  midpoint  configuration 

[F,i2]  =  [i?i/2]  [C/1/2]  (AIE.29) 

where 

[^./.iH/l  +  'gf^  (AIE.30) 

Large  deformation  and  large  strains  are  obtained  where  these  formulations 
are  linked  to  the  main  analyses,  static  dynamic  and  blast  type  of  loading  are 
encountered. 

Introduction  Interface  or  Gap  Elements  in  Current  Computer  Programs 

The  potential  of  interface  elements  in  elevators  and  escalators  is  vital.  They 
play  a  very  important  role  in  bringing  about  cPose  relations  between  various 
mechanical  components  in  static  and  dynamic  conditions.  Examples  are  cited  in 
lifts/elevators  escalators  and  travelators  where  components  rolling  over  each 
others  or  some  static  and  others  moving  over  the  static  ones.  Various  contact  or 
gap  elements  have  been  explained  in  various  finite-element  packages :  Some  of 
them  are  cited  below: 

(a)  Haliquist  et  al.  Method 

(b)  DELFT  Interface  Traction  Type  Element 

(c)  ANSYS  contact  Elements 

(d)  ABACUS  Gap/contact  Elements 

(e)  LS-DYNA  Gap/contact  Elements 

With  program  ISOPAR  Haliquist  et  al.  method  has  been  adopted  as  this 
method  clearly  estabHshes  the  contact  elements  which  suite  the  scope  of  the 
book.  The  method  is  described  below: 

where  n  =  the  number  of  independent  load  vectors. 

Substituting  into  Eq.  (AIE.12) 

{^}  -  E  {FrA-[K,A[K,.,,r'  E  i^'"'}  (A1E.31) 

/  =  1  /  =  1 
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Large  Strain 

When  the  strains  in  a  material  exceed  more  than  a  few  percent,  the  changing 
geometry  due  to  this  deformation  can  no  longer  be  neglected.  Analyses  which 
include  this  effect  are  called  large  strain,  or  finite  strain,  analyses.  A  large  strain 
analysis  is  performed  in  a  static  and  dynamic  transient  analysis. 

The  theory  of  large  strain  computations  can  be  addressed  by  defining  a  few 
basic  physical  quantities  (motion  and  deformation)  and  the  corresponding 
mathematical  relationship.  The  applied  loads  acting  on  a  body  make  it  move 
from  one  position  to  another.  This  motion  can  be  defined  by  studying  a  position 
vector  in  the  'deformed'  and  'undeformed'  configurations.  Say  the  position 
vectors  in  the  'deformed'  and  'undeformed'  state  are  represented  by  {x}  and 
{X},  respectively,  then  the  motion  (displacement)  vector  {u}  is  computed  by 

{m}  =  {.\-}  -  {X}  (A1E.32) 

The  deformation  gradient  [F,i\  is  defined  as 

m^^+[l]^[mu]  (A1E.33) 

where  [1]  =  identity  matrix. 
The  volume  change  at  a  point 

dV 

^=det[7^]  (A1E.34) 

Where 

Vq  =  Original  volume 

V  =  current  volume 

[u]  =  right  stretch  shape  change  matrix 

Largestrain  e  is  written  as 

{£}  =  ln[u]  =  ^  \n{AO{ei}{e,y"  (AIE.35) 

where 

1,-  =  eigenvalues  of  [u] 

e,  =  eigenvalues  of  [u] 

R  =  rotafion  matrix  ([R]^"[R]  =  [I]) 

Element  formulation  using  Lagrangian  formulation  technique 

[  Kj\Auj  =  in  -  [f]"]  (AIE.36) 
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where 


[Ki]  =  tangent  matrix  =  [Ki]  +  [Si] 
[Ki]  —  usual  stiffness  matrix 


[fi,f"[A-][5,-]d(vol) 


(A1E.37) 


fSil  =  stress  stiffness  contribution  or  geometric  stiffness 

,       T  (AIE.38) 

=  /[G.]^N[G.]d(vol) 


Haliquist  et  al.  method 

Haliquist  et  al.  developed  a  useful  concept  of  master  and  slave  nodes  sliding  on 
each  other.  As  shown  in  Fig.  AIE.l  slave  nodes  are  constrained  to  slide  on 
master  segments  after  impact  occurs  and  must  remain  on  a  master  segment  until 
a  tensile  interface  force  develops.  The  zone  in  which  a  slave  segment  exists  is 
called  a  slave  zone.  A  separation  between  the  slave  and  the  master  line  is  known. 
as  void.  The  following  basic  principles  apply  at  the  interface: 

(a)  update  the  location  of  each  slave  node  by  finding  its  closest  master  node  or 
the  one  on  which  it  lies, 

(b)  for  each  master  segment,  find  out  the  first  slave  zone  that  overlaps, 

(c)  show  the  existence  of  the  tensile  interface  force. 

Constraints  are  imposed  on  global  equations  by  a  transformation  of  the 
nodal  displacement  components  of  the  slave  nodes  along  the  contact  interface. 
Such  a  transformation  of  the  displacement  components  of  the  slave  nodes  will 
eliminate  their  normal  degrees  of  freedom  and  distribute  their  normal  force 
components  to  the  nearby  master  nodes.  This  is  done  using  explicit  time 
integration,  as  described  in  the  finite-element  solution  procedures.  Thereafter 
impact  and  release  conditions  are  imposed.  The  slave  and  master  nodes  are 
shown  in  Fig.  A1E.2.  Haliquist  et  al.  gave  a  useful  demonstration  of  the 
identification  of  the  contact  point  which  is  the  point  on  the  master  segment  to 
the  slave  node  n,  and  which  finally  becomes  non-trivial  during  the  execution  of 
the  analyses.  When  the  master  segment  I  is  given  the  parametric  representation 
and  t  is  the  position  vector  drawn  to  the  slave  node  n,,  the  contact  point  co- 
ordinate must  satisfy  the  following  equations: 

i(^„.7,)x[/-r(4.^,)]  =  0 

r'  .  (A1E.39) 
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z(/3) 


k  /  .    /^^  Free  nodes 

'  '  rn  I  Slave  surface 


Master  surface 


/fn  —  Interface  normal  stiffness  m  D,  material  stiffness  matrix 
Values  varied  as  1 0^  to  1 0®  N/mm^ 

Fig.  AIE.5  Hallquist  contact  method  (modified  by  Bangash) 


where  {^ct^c)  ^^^  l^he  co-ordinates  on  the  master  surface  segment  Si.  Where 
penetration  through  the  master  segment  Si  occurs,  the  slave  node  «,  (containing 
its  contact  point)  can  be  identified  using  the  interface  vector /^ 


f^^-lkjHj  if/<0 

to  the  degree  of  freedom  corresponding  to  «,,  and 


where 


l  =  n,it-r{^c,>h)]<0 


(A1E.40) 


(AIE.41) 


(AIE.42) 


A  unit  normal 


where 


ki=f,iKiA^/Vi 


{Fiy{t)  =  impact  at  the /th  node 
K  =  stiffness  factor 


(A1E.43) 
(A1E.44) 
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Ki,  Vi,  Ai  =  bulk  modulus,  volume  and  face  area,  respectively 

/„  =  scale  factor  normally  defaulted  to  0.10 

TV,.  =  i(l  +  £,£,j){\  +  ip]i)  for  a  4-node  linear  surface 

Bangash  extended  this  useful  analysis  for  other  shape  functions,  such  as  A^,- 
for  8-noded  and  12-noded  elements.  On  the  basis  of  this  theory  and  owing  to  the 
non-availabihty  of  the  original  computer  source,  a  new  sub-program  CON- 
TACT was  writ-ten  in  association  with  the  program  ISOPAR.  The  subprogram 
CONTACT  is  in  three  dimensions 

Gap  element 


Sliding  contact 


Slave  line 


Master  line 


{Fn}  =  [K„,].{t/,}.=  [ZK]{SA,,Aj...}  =  l^v 


Asi  —  distance  of  sliding 


±  /iF„  . . .  ±  kA, 

(AIE.45) 


(A/  -  A,.) 


'TkJ" 


H  =  friction 
{^sn}  <  mI^n}  no  sliding 


(AIE.46) 


>  ^({i^NJ  sliding 
=  0   contact  broken 
6  =  cos"'  -  or  sin"'  - 


(AIE.47) 
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Simplified  Dynamic  Analysis  of  Towers, 

Chimneys  And  Frames  As  Auxiliary  Structures 


AIF.l.  Fundamental  Frequency  of  Tower  Structures 
AIF.2.  For  Cooling  Tower  Shell  Shapes  Analysis 
AIF.3.  A  Steel  Frame  Supporting  a  Rotating  Machines 


AIF.l  The  Determination  of  the  Fundamental  Frequency 
of  a  Tower  Structure 

A  schematic  diagram  of  the  tower  is  shown  in  the  Figure  AIF.l.  It  consists  of  a 
circular  tapering,  hollow  concrete  tower  Lx  in  height,  surmounted  by  a  steel 
mast  L2  high.  'Tower'  will  be  used  to  refer  to  the  concrete  structure  and  the  mass 
of  the  steel  must  lumped  at  its  end. 

The  tower  tapers  according  to  a  linear  relationship  between  diameter  _D,  and 
X,  measured  from  the  ground: 

D  =  Do-D,x  (AIF.l) 

And  the  moment  of  inertia,  I,  varies  according  to  a  third-order  polynomial 
in  x: 

/(x)  =  I„  -  /,  X  +  hx^  -  hx^  (AIF.2) 

The  mass  per  unit  length,  W{x),  over  the  tower  height  varies  according  to  a 
linear  relationship: 

W{x)  =  Wf-Zx  (A1F.3) 
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Fig.  AIF.l  The  tower 
structure 


Concrete  Tower  e=  24.6  x  1 0   kN/m2 


Table  AIF.l   Characteristics  of  the  tower 


Length  (m) 


Mass  (weight)  and  mass  (wt)  coeffs  kg  (KN) 


Li  =  275.0 

W2  =  71121.0(697.7) 

Lj  =  60.7 

W^  =  46206.0  (453.3) 

L,  =  35.1 

W4  =  24915.0(244.4) 

U  =  25.6 

Wf  =  97986.9  m"'  (961.3)  m"' 

Z  =  299.237m-2  (2.9)  m"^ 

Diameters  and  coeffm  (m) 

Second  moments  of  area  and  coeffs  (m"*) 

Z)3  =  3.60 

loo  =  3044.86 

£)4  =  2.27 

/,  =  38.7142  m-' 

Doo  =  24.40 

I2  =  0.172539  m"^ 

D,  =  0.067  m"' 

/,  =  0.00026  m"^ 
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W  2  =  Z  (L-X)         where  Z  =  299.237  Kg/m^ 
=  2.94  KN/m2 

lumped  mass  of  mast 


p/  =71  121  Kg  =  697.7KN 


ww'=  15696725  kg/m 
^    153.98  KN/m 


X 

L  =  275  m 

Fig.  AIF.l(a)  Base  Tower  parameters-I 

The  mass  per  unit  length  along  the  tower  can  be  divided  into  a  uniformly 
distributed  load  ]¥(  and  a  triangular  distribution  of  W2  as  shown  above. 
Lengths  of  the  tower  are  lumped  into  masses 


(AIF.4) 


MA=  I      {WF-Zx)dx 
Z 


{X2-X1) 


WF--{x2+xi) 


Where  Xi  and  X2  are  the  cords  of  the  start  and  end  of  the  length  under 
consideration. 

The  bending  moments  due  to  self- weight  can  be  shown  to  be 

Mo{x)  =^{L-  xf  +^{L~  xf  +  MM{L  -  x)  (AIF.5) 

The  second  moment  of  area  of  the  tower  varies  according  to 

/o(.t)  -  /oo  -  hx  +  hx-  -  hx"  (AIF.6) 

The  bending  moment  due  to  a  unit  load  at  the  lumped  mass  distance  Ffrom 
the  free  end  is 


My{x)^{L~x-Y) 
In  all  cases  x  is  measured  from  the  support. 


(A1F.7) 


Mo(3) 


Mo(2)        M„(1) 


lo{1)        Ml{3)        Ml(2)  Ml{1) 


H/2 


H/2 


L-X-Y 
Mo(x) 


/             ^ 
H/2 

H/2 

/  ^~ -- 

H/2 

H/2 

L-X-Y 
loM 


L-X-Y 


MI(X) 
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The  static  deflection  of  the  contilever  (tower)  are  computed  by  a  combina- 
tion of  Simpson's  Rule  and  the  area-moment-inertia  procedure. 
The  deflection  DEL  under  any  lumped  mass 

^^  ''^-'^  (AIF.8) 

=  ^[Mo(l)Mi(l)-/o(l)+4Mo(2)Mi(2)-/o(2)+Mo(3)Mi(3)-/o(3)] 

E  being  the  modulus  of  elasticity  of  concrete. 

The  fundamental  frequency  of  the  tower  is  computed  by  the  Rayleigh 
method.  Hence  the  dynamic  deflection  is  assumed,  not  to  differ  appreciably 
from  the  static  deflection  'DEL' 

Max.  strain  energy  of  Oscillating  masses  ~  Potential  energy 


CO"  V^  7 

max .  KE  of  masses  =  ^^  >    MA  x  DEL 

Equating  SE  and  KE  one  gets 

V  MA  X  DEL  =  ^  V  MA  X  DEL^ 

^  -'^  (AIF.IO) 


ffl2 

_       MA  X  DEL   _ 
^  MAx  DEL-        * 

NUM 
DEN 

.•.  OJ  — 

NUM' 

g  X  

^      DEN 

2 

(AlF.ll) 


Frequency /=: -—  (A1F.12) 

271 


g  =  acceleration  due  to  gravity. 
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L  =  275m 


50 

-* 

50 

Ut- 

50 

U,- 

50 

ui- 

50     . 

25 

35.1        25.6 

• 

• 

• 

• 

• 

\= 

-^ 

^ 

► 

— 

► 

1 

MA6  MA5  MA4  MA3  MA2       MAI 


^    25  .       50       I       50       I       50       I       50       I        50        I 

+ + + + + + f 


lumped  masses 
diagram 


25  ,       75 


125 


175 


225 


275 


M01  =<f> 


10         Diag 


MO        Diag 


C(i)     x(3) 


Y  =  0 


.     x{2)       x(1) 


x(3),:fr^ 


x(2)  x{1) 


^  Tower 

MO  Mi  dx 
iO 


Mil  Diag 

Mi2  Diag 

Mi3  Diag 

Mi4  Diag 

Mi5  Diag 

Mi6  Diag 


Static 
A1  defiection 

DEL 
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The  Flow  Chart 
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C  START    ^ 


READ:WF^MM,WI,L,  Z,  G 
E,  PI,  100,  II,  12,  13 


NUM  =  DEN  =  J: 


z 


READ:X1,X2,  H,YX(I) 


J  =  J  +  1 


MO(l)  =  MO{x) 

10(1)  =  10  (X) 

MI(l)  =  MI(x,y) 


NO 


DEL  =  5  [MO(l)  ■=■  IO(l).MI(l)  +  4.MO{2)  -=■  IO{2).MI(2)  +  MO(3)  ^  IO(3).MI(3)]/E 


I 


MA*  =  (X2-X1  )[wf  -|  {X2  +  XI )] 


'  except  MAI  =  MA  +  MM 


I 


NUM  =  NUM  +  DEL*MA 
DEN  =  DEN  +  DEL  *  DEL  *  MA 


NO 


^ 


OMEG  =  [(NUM  -  DEN)*  G]'/^ 
FREQ  =  0MEG-2-PI 

i 

WRITE: OMEG,  FREO 

1 
C    STOP    ~) 
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Output 

The  fundamental  circular  frequency  of  the  structure  (Tower  1)  is 
1.26828  ~  1.3  rad  per  sec. 

Comments  and  Conclusion 

The  Rayleigh  method  for  natural  frequencies  was  chosen  for  the  computation 
of  the  fundamental  frequency  of  a  tower  structure  because  of  its  considerable 
accuracy  and  ease.  However,  this  method  can  be  modified  for  the  computation 
of  a  few  of  the  lower  modes  frequencies. 

Other  methods  have  the  advantage  of  computing  the  characteristic  shapes  of 
the  various  modes  of  vibration  accurately,  but  are  exceedingly  cumbersome  and 
require  high  computational  times. 

Since,  one  is  only  interested  in  the  fundamental  frequency,  there  is  no 
justification  for  the  adaptation  of  other  methods. 

The  fundamental  mode  of  vibration  is  that  in  which  the  tower  and  mast  are  in 
phase.  In  this  exercise  the  mass  of  the  mast,  being  very  small  compared  with  the 
mass  of  the  tower,  was  lumped  at  the  free  end  of  the  tower. 

The  value  at  o;  =  1.3  rad  per  sec  is  the  same  as  that  obtained  by  the  use  of 
Lagrange  Equation  (Ref  Vibration  reduction  in  Tower  Structures,  by  K.C. 
Johns  &  C.L.  Kink). 

Therefore,  it  can  be  concluded  that  the  Rayleigh  method  is  a  very  accurate 
method  for  the  determination  of  the  fundamental  frequency.  Other  methods 
stated  in  the  text  can  also  be  applied.  They  can  be  expensive  and  yet  very 
elaborate  result  wise. 


AIF.2  Cooling  Tower  and  Cable  net  Tower  shell  Shapes  for  Nuclear 
Power  Stations  Hyperboloid  of  Revolution 

When  the  rotating  curve  is  a  hyperbola,  the  generated  surface  is  known  as  a 
hyperboloid  of  revolution.  A  single-sheet  hyperboloid  of  revolution  is  so  termed  as 
it  is  a  single-piece  surface. 

Two  types  of  hyperboloid  of  revolution  -  i.e.  a  natural,  draught  cooUng 
tower  cable  net  tower  shells  -  will  be  discussed  below. 


Natural  draught  cooling  tower 

For  large  power  station  blocks  that  are  completely  dependent  on  cooling  tower 
natural  draught  coolers  are  the  only  types  being  built  at  present.  The  capital 
exjditure  involved  is  relatively  low  and  they  require  neither  energy  nor  maintenance 
mechanical  equipment.  They  have  a  correspondingly  high  level  of  reliability. 
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If  the  ground  conditions  are  adequate,  an  annular  foundation  is  usually  laid 
individual  foundations,  e.g.  pile  foundations,  are  required,  the  number  of  pain 
columns  should  be  kept  to  a  minimum.  In  this  case,  it  is  also  advisable  to  prest 
the  lower  shell  periphery.  The  column  framework  provides  the  free  cross-sec 
necessary  for  air  intake  in  the  exterior  wall  and  transmits  the  reaction  forces  of 
the  cooler  shell  into  the  foundation.  The  construction  and  installation  of  the 
fraction  work  require  great  care  in  order  to  avoid  unnecessary  bending  stresses 
in  the  section.  The  column  cross-section  is  rectangular  or  circular:  the  shape 
may  be  influence  aerodynamic  requirements. 

For  the  large  coohng  towers  built  in  the  last  few  decades,  the  thin  reinforced 
Crete  sheU,  reinforced  in  two  axes  on  both  surfaces,  has  proved  eminently 
suitatable.  For  structural,  thermodynamic  and  flow  optimization  reasons  rota- 
tionally  hyperbolic  shapes  are  desirable,  and  occasionally  also  cyhnders.  These 
shapes  are  at  same  time  aesthetically  pleasing  because  they  make  the  gigantic 
dimensions  of  the  structures  seem  tolerable. 

The  cooler  shell  can  be  very  thin.  The  minimum  wall  thickness  in  the  cer  and 
upper  portions  in  almost  all  towers  is  14  cm;  in  other  words,  in  relation  to 
diameter  it  is  thinner  than  an  eggshell.  In  the  lower  portion,  the  shell  becomes 
thickness  until  at  the  point  of  transition  to  the  bottom  edge  element  of  the  shell 
it  is  at  60-80  cm  thick. 

At  the  top  of  the  shell,  there  is  a  study  ring  (top  edge  element)  which  counter 
the  tendency  of  the  shell  to  ovalize  under  high  wind  loads,  and  thus  also  yhe  risk 
distortions  without  strain  in  the  sheh.  This  ring  can  also  serve  as  a  surrounding 
gas  if  aviation  obstruction  hghting  is  required  on  the  coohng  tower  for  safety 
reason  this  case,  ladders  or  staircases  must  also  be  provided. 


Cable  Net  Cooling  Towers 

They  have  considerable  advantages  with  respect  to  safety  during  construction 
in  service  as  compared  to  a  concrete  tower.  There  is  almost  no  limit  to  its  size  is 
most  favourable  in  the  case  of  bad  soil  conditions  and  earthquakes.  Shapes  be 
obtained  with  different  materials,  such  as  fabrics  -  which  have  been  discussed. 
3',  of  the  inclined  straight  hne  3-3',  along  two  circular  paths  with  uniform 
angular  speed  (Fig.  AIF  2.1(a)),  such  that  the  generating  line  3-3',  when 
produced,  never  cuts  the  line  (O2  0\)  passing  through  the  centres  of  the  circular 
paths. 

Consider  Figure  AIF  2.1(b)  in  which  the  planes  P\  and  P2  may  be  parallel, 
but  have  smooth  closed  boundary  curves. 

In  Figure  AIF  2.1(b)  axa2,  bxbj,  etc.,  are  straight  hues,  and  the  envelope  due 
movement  of  these  straight  hnes  can  be  seen.  Now, 

1.  If  Pi  and  P2  are  circular  discs  and  parallel,  and  ii  OiaiUjOjOOi  is  a  twisted 
(Hypar,  Type  II),  i.e.  the  points  a'  on  aia2  and  O  on  O1O2.  never  coincide,  the 
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generated  surface  as  a  hyperboloid  of  revolution  due  to  the  revolution  line  a  1^2 
about  O1O2. 

2.  If  _Pi  and  P2  are  parallel  circular  discs,  and  iiOiAxAjOjOx  is  a  flat  plan  ^1^2 
forming  a  hyperbolic  arc,  we  get  a  hyperboloid  of  revolution. 

3.  If  the  angles  AiO\a\  and  ^42^2^2  lie  in  the  parallel  planes  Pi  and  P2,  arc 
parallel  and  are  equal  in  magnitude,  i.e.  0\  =0\,  then  0\a\a2020\  become 
plane  consisting  of  two  triangles  OiOiO  and  02020  meeting  at  O  on  the 
Oi02-  We  now  have  a  pair  of  conical  surfaces  meeting  at  a  common  verte: 
boundary  curve  A1A2  is  transferred  into  a  broken  line  AiO-OA2- 

Membrane  or  cable  net  skin  replaces  the  reinforced  concrete  shell  of  conven  towers. 
A  detailed  analysis  can  be  studied  under  fabric  or  net  structures  in  tliickness. 


AIF.3  Hyperboloid  of  Revolution  of  One  Sheet 

The  hyperboloid  of  revolution  of  one  sheet  has  a  very  graceful  appearance  and 
profitably  exploited  for  structural  purposes  such  as  a  structure  for  the  coohng 
towards  great  advantage  emerges  from  the  facts  that  the  surface  is  generated  by 
two  factors  of  intersecting  hnes  and  the  formwork  can  be  achieved  by  straight 
boards  with  only  slightly  over  their  lengths.  It  is  also  interesting  to  note  that  the 
interset  of  grid  straight  hnes  form  rhombuses  of  intersection.  The  shell  surface 
can  be  built  of  precast  rhombic  elements,  which  can  be  repeated  along  the  con 
circumference  at  a  fixed  height.  Considerable  utilization  of  this  surface  is  being 
in  the  construction  of  cooling  towers. 
The  surface  is  the  locus  of  the  equation 

^  +  S-i=l  (A1F.13) 

in  three-dimensional  Cartesian  coordinates.  It  is  quadratic  because  it  is  the  of  a 
second-degree  equation  and  is  doubly  ruled;  each  point  lies  on  more  that 
straight  hne  of  the  surface. 

The  particular  case  of  hyperboloid  of  revolution  with  C  =  Ain  Eq.  (AIF.13) 
discussed  here  for  the  surface  and  is  defined  by: 

^-^--=1  (A1F.14) 

In  Figure  AIF.2.1(a)  all  sections  (in  planes)  perpendicular  to  the  axis  of  revolu- 
tion of  the  z  axis)  are  circles.  The  surface  is  also  the  locus  described  by  a 
hyperbola  revelation  around  its  conjugate  axis.  Furthermore,  the  surface  is 
also  the  locus  described  straight  generatrix  revolving  around  a  non-parallel  axis 
(Fig.  AIF.2. 1(b)).  The  project  of  this  Hne  on  a  parallel  coaxial  plane  is  one  of  the 
asmyptotes  of  the  hyperbohc  sections  contained  on  the  plane. 
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Consider  in  Figure  AIF.2  an  intersection  by  vertical  plane  y  =  A  which  being 
introduced  in  Eq.  (AIF.14)  gives: 

Therefore,  the  curve  of  intersection  consists  of  a  pair  of  straight  lines  have 
equations: 

x  =  ±-z  (A1F.16) 

B 

and  slope,  tan  D  =  B/A. 

Since  the  hyperboloid  is  a  surface  of  revolution,  the  tangent  plane  to  any  point 
of  the  waist  circle  will  give  a  similar  pair  of  straight  lines  on  the  hyperboloid  so 
that  there  exist  two  families  of  straight  lines  each  of  which  covers  the  completely. 

Referring  to  Figures  A1F.3  and  the  following  equations  may  be  establis 

x=  .4 (sec  T)  COS0  (AIF.17) 

y^  A{sec  T)  sinfl  (AIF.18) 


5(tan  T)  (AIF.19) 


and 


Rx- 

D^3 
AB 

Ri  = 

AD 
B 

S(sec  T) 

U\(p  - 

D 

A(j) 

AB{sec  T) 

dT 

Z)22 

(AIF.20) 
(A1F.21) 

(A1F.22) 

(AIF.23) 

where 

D  =  {A^{t>m  Tf  +  52(sec  T)fQ.5  (AIF.24) 

Considering  the  unit  weight  of  the  dead  load 

X  =  0,  y  =  sin  (/>  and  z  =  —  cos  </> 
Substituting  the  auxihary  variables  as: 

G^^'^N,  (AIF.25) 
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H=  S{secT}^ 


(A1F.26) 


(where  S  =  Ne<i,  =  N^e)- 

The  self-weight  stresses  are  given  by: 


dG  _     A  \/B-  +  A-&m-T 
df~  ~B         cos^T 


No  =  -^N^-^tan{T) 


(A1F.27) 
(A1F.28) 
(AIF.29) 


Boundary  conditions 

The  planes  of  the  top  and  bottom  in  Figure  6.48  are  to  be  denoted  by  T=  T\  and 
T  =  T'2.  Since  the  top  is  a  free  edge  the  stresses  vanish  there  and  therefore: 

G  =  0,  i.e.  N^^O&ndH^  0,  i.e.  Ne^,  =  0 

for  all  values  of  0  on  T  =  T^.  (These  conditions  are  sufficient  for  integration.) 
By  numerical  integration  with  the  boundary  conditions  the  meridian  force  A^^ 
and  hoop  force  Ng  can  be  obtained  at  all  sections  of  the  shell,  as  illustrated  in  the 
results  of  the  computer  program  for  NIZAM-4  cooling  tower.  Figure  AIF.2  and 
its  calculations  indicate  briefly  the  generalized  stresses  due  to  wind  pressure  at 
different  heights  when  the  coohng  tower  shapes  are  asymmetrical.  Table  AIF.l 
gives  loading  systems  and  stresses  per  unit  circumference  of  the  tower  shell 
surface. 


Fig.  AIF.2  Asymmetrical 
membrane  state  of  stress 


Wind  action 
x=y=0 
z=  P„  cos  0 
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Hyperboloid  of 
revolution 


(a) 


(b) 


Fig.  AIF.lb  Generalized  forms  of  rotational  surface 


Shell  of  revolution  (refering  to  Fig.  AIF.2) 


Kh 


Pwa  tan  A 


6p2  sin  ( 


tan^  A~2 
3  tan^  A 


(p^  -  Po)  +  Po-p-  noPoin  -  no) 


+  f/ln 


n  +  p 

^0  +  Po. 


(AIF.30) 


cos  6 
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Plan  at  z  =  o 
(b) 


Fig.  AIF  2.3  Cooling  towers  of  equal  radii 


N<i,e  =  Ne4,  = -^    — —[rjoPo  -  IP  -  IP^iP  -  Po) 


2  p 

tan^ A -2 


3  tan2  A 


■fliP^  -pI)-  In 


t]  +  p 


>h  +  Po. 


sin  9 


Ne 


ri 


'Na,  —  —  P^yi'i  cos  0 


ro 


where  p  =  —  ,1  =  -  Po,rio  value  at  upper  edge 


,) 


(AIF.31) 
(A1F.32) 


Steel  Frame  Supporting  a  Rotating  Macliinery 

Problem  Example 

A  frame  supporting  a  rotating  machinery  in  a  nuclear  laboratory  exerts  a 
typical  horizontal  force  F(t)  at  the  girder  level  as  shown  in  Fig.  AIF. 3.  In  a 
normal  practice  the  value  of  F(t)  is  F(t)   =  200  sin  (5.3)/  (KN)  evaluation 
dynamic  shear  and  bending  moment  an  essentially  demanded. 
Data 

L=  l5m,E  =  200  KN/m^  I  =  0.02m'^ 
^  =  damping  =  0.05 
The  girder  is  rigid 
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Fig.  AIF.3.1  A  frame 
supporting  a  rotating 
machinery 
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■  Grider 
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=  948.15^A^/7i2 


Y,,  =  —  = 0.211  m 

K      948.15 


M'  =  circular  frequency 
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948(9.81) 


150 


=  7.874  rad/  sec 


Steady-state  amplitude 


'•--  =  ^  =  0-673 

w      7.874 


Y  = 


y^t 


-=  0.38236  m 


(l-r2)V(2rO^ 
The  max.  bending  moment  in  the  column  ^  Fmax  ^ 


' ''^max(dyn)  r  3 


3£F 

IF 

3  X  200  X  0.04 


(15)^' 


(0.38263)  =  2719  KN 


Mdyn  =  2719  X  15  =  40785  KNm 
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AIF.4.  Cooling  Towers  of  Equal  Radii 

Stress  resultants  when  cooling  towers  have  top  and  bottom  radii  that  are 
equally  bounded  by  a  smooth  hyperboloid.  The  hyerbola  is  rotated  by  the  z  axis 

D 

—  =  the  slope  of  the  asymptotes  to  the  hyperbola 
^  ^  =  i?oatZ=0  (A1F.33) 

-^0  =  ^2  sin  (/) 

With  the  surface  intersection  to  a  vertical  plane  parallel  to  the  x-z  plane  are 

2  _i     J  2         -72  2  ^2 

which  is  a  straight  hne  {A  being  the  throat  radius) 

Z  =  -x  (A1F.35) 

A  vertical  plane  tangent  to  the  waist  circle  (i?o  =  A)  will  intersect  the  surf 
straight  hues  of  the  same  slope. 

Equations  are  now  rewritten  in  the  following  form: 

»5)-A^.|^  +  ^  +  a.,^o^O  (A1F.36) 

Rio<p  R\o<p         oO 

When  z  is  the  vertical  coordinate,  the  radii  will  then  become: 

^1      [1  +  {dRQ/dxffl-'^ 

Rn  =  -^  and  Ro  -  -(£2  +  z2)('/-'  (AIF.37) 

sm0  B 

dRo^ArZ  .     d^  _        AB 
Substituting  into  Eq.  (AIF.37)  the  value  of  i?i  will  become 

/n2        72\(3/4) 


774 
therefore 


and  hence 


R2  =  AU 


1       A-\   , 
52  +  54 


52     3 


,1/2) 
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(AIF.39) 


(AIF.40) 


Gravity  loads 

(02  =  —ojsincj);  ojy  =  —(ocoscp 
(Note  the  tangential  axix  Z^  along  which  oj-  is  measured) 

^</^  =  TlA-T  =  - .  /■  -. /n^ (olnRoRi  d(t> 


1 


7?2  sin"  (/) 


Jq  tt»i?ii?2  sin  (/)  d<?i 


i?i  d(^  =  d.v  =  4!^ 

'        '  sill  tp 

dz  =  i?i  sin(/)d0 


(AIF.41) 


(A1F.42) 


Eliminating  all  polar  terms  and  saving  extensive  analytical  work,  the  value  of 
N^  and  Ng  will  be  evaluated  as 


Ng  =  —COyRj  ■ 


B2RJ 


N^ 


(AIF.43) 


(b) 


Fig.  AIF.4  Cooling  tower 
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A  solution  for  the  cooling  tower  existing  in  the  Trojan  Nuclear  Power  Plant  of 
the  Portland  General  Electric  Company  (GEC)  built  in  1974. 

Data:  ^  =  9. 1  m,  5  =  21 .3  m;  Ztop  =  9.1  m;  Zbottom  =  30.5  m  Intensity:  Dead 
load  23.6kN/m".  The  stresses  due  to  dead  loads  are  desired  strsses. 


Notation  for  Figure  AIF.5 


i?2        z2 

^--^=1  (AIF.44) 

In  which  R  is  the  horizontal  radius  of  the  parallel  circle;  z  is  the  vertical 
coordination  along  the  axis  of  revolution;  and  a,  b  are  characteristic  curvature 
dimensions. 

The  principal  radii  of  curvature  are: 

a  sin^  a  cos  a.  ,  .-.-^  ,^s 

Ri  = j^  (AIF.45) 

(cos2a-cos2  0)(3/2) 

R2=^  (AIF.46) 

smw 

In  which  cot  a  ==  a/h  and  tan  0  —  (R/Z)  tan^  a;  i?i  and  i?2  are  the  meridiona 
circumferential  radii  of  curvature,  respectively,  and  0  =  the  angle  between  the 
node  to  the  surface  and  the  axis  of  revolution. 


Geometry  of  Hyperholoid  of  Revolution 

The  dependent  variable  can  be  separated  using  Fourier  expansion.  For  exam- 
ple, displacements  may  be  written  as 

u  —  y~^  hu  COS «(/).  (AIF.47) 

;i  =  0 
a 

v  =  ^/ivsin7j(^  (AIF.48) 

«  =  o 


W  : 


^  hw  cos  «(/)  (AIF.49) 
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Fig.  AIF.25  Geometry  and  stresses  of  cooling  towers 


Solution 

Design  factors 


i?o(at  base)   =  A\\ 


2^  (1/2) 


52 


=  15.894  m 


tan< 


B  r      Ra 


AlRl-A^ 


(1/2) 


2.855:   cos( 


(A^  +  B^) 


1/2) 


where  (/)'  =  0.841 5,/((/)')  =  8.277,  i?o  =  9.95  m;  tan  0  =  2.6245 


(A1F.50) 

(A1F.51) 

(AIF.52) 
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cos(h=  i    ,  \  X  0.8415  =  0.33041 

Ua^  +  b^] 

N,t>  =  ^^B\A-  +  5^}<'/^'(MS^  [/('^')  -M)] 
At  base  =  13.58x10"*  kN/m 

M/42  J,'  j2 

N^  = ^^ ^^T72Y  +  ^'^^(1-'^  )  (AIF.53) 

At  base  =  7344  kN/m^ 

^^(Top)  =  0  since /(</.'o)  -/(</);,)  =  0 

^.(Top)  -  ,,^;...|._;;^|.,.,  - 12.3  kN/m/m      ^^^^-^^^ 

^  +  ^=-z=u'cos</)  (AIF.55) 

R\       Rj 

15  894 
R,  (at  base)   ^  ^  ^  ,,,i^  =  ,3,3  ^^  ,33,,  ^  16.84  ^^^^^^^^ 

^i=Mvl)^  =  7lTf  ^(21.3)^  =  316 

Other  values  for  R  can  be  computed  where  variations  exist.  The  same  appHed 
ZZ  values,  i.e.  w  cos  0  where  w  can  be  from  wind,  live  loads  and  others.  For 
de###  w  co&cp  =  -23.6  x  0.33041  =  -7.8kN/m^.  Similarly,  stresses  for  any 
load  corrleation  can  be  determined  and  the  results  are  tabulated  for  the  long- 
itudinal and  tragetic  stresses  along  the  entire  height  of  the  tower. 


AIF.5  Damage  Scenario  of  the  Cooling  Tower 

A  crack  pattern  and  a  map  of  meridional  stresses  are  shown  in  Figures  AIF.6  and 
AIF.7  using  ISOPAR  and  DIANA  software  with  a  fracture  simulation  technics. 
The  entire  shell  was  discredited  with  degenerated  finite  shell  elements.  Eight 
noded  isoperimetric  layer  shell  elements  were  used.  With  a  special  preprocessor, 
geometric  imperfection  and  large  deformations  were  taken  into  account. 
Smeared  cracking  option  is  used.  Two  grids  of  embedded  steel  bars  reinforce 
the  tower  shell.  Plastic  flow  of  the  reinforcing  bars  is  considered.  Bilinear 
softening  is  also  employed.  The  analysis  is  considered  using  the  shell  stiffened 
and  unstiffened.  Wind  directions  with  different  intensities  and  distributions  due 
to  interference  were  considered.  The  maximum  wind  assumed  is  150  miles/h. 
The  results  presented  are  based  on  this  wind  integrity  based  on  BS  6399.  A 
reference  is  made  to  the  author's  text:  Prototype  Building  Structures  -  Analysis 
and  Dedign.  Thomas  Telford,  1999. 
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Fig.  AIF.6  Finite  element 
analysis 


V  = 


TxJc 
lEbcdc  sin  ao 

lEbcdc  cos^  ao 
Qui]  ,       Mull 


'A 


6£/      2^/sin^  ao 

Qui]      ,       Mule 


4£'/sinao      2£:/sin^ao 


ill  wliich  /  =  bcCpJll  and  the  subscript  c  applied  to  forces  and  moments  indica 
summation  over  the  frame  width  (21,.  cos  ao). 


Notation 

a,  b 

be 
C 

Co 

C\,  C\2 

Do 


=  characteristic  curvature  dimensions 

=  breadth  of  column 

=  elastic  constant 

=  extensional  stiffnesses  of  the  shell 

=  extensional  meridional  and  shear  stiffnesses  respectively 

=  flexural  stiffnesses  of  shell 
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4.500e  +  01 
4.160e  +  01 
3.820e  +  01 
3.480e  +  01 
3.140e  +  01 
2.800e  +  01 
2.460e  +  01 
2.120e  +  01 
1.780e  +  01 
1.440e  +  01 
1.100e  +  01 
7.600e  +  00 
4.200e  +  00 
8.000e  +  01 
-2.600e  +  00 
-e.OOOe  +  00 


Fig.  AIF.7  Damage  scenario  of  a  cooling  tower  shell.  Finite  element  mesh  schemes,  (a) 
Unstiffened  shell,  (b)  Stiffened  Shell.  (DYNA-3D  and  ISOPAR-5  programs.) 


Qic,W 


Fig.  AIF.8  V  Supports  for 
cooling  towers 


780  Appendix  F 

Di,  Di2  =  flexural  meridional  and  twisting  stiffnesses  respectively; 
dg  =  depth  of  column 
E  =  Young's  modulus 


AIF.6  Quick  Manual  Solution  Based  on  American  Practices 
from  the  Equation  of  the  Surface  Defined 

a  =  70';  b  =  181.6' 

X  =  74.5;  z  =  -65.5  when  2x=  149' 

h,op  =  200'  dia  =  149';  p  =  20° 

h  =  214.3'  dia  =  140';  (3  =  0 

h  =  20.6' dia  =  161.6';  p  =  30° 

h  =  0' dia  =  251. 8';  p  =  50° 

t  =  thickness  =  6" 

w  =  self  weight /unit  area  of  membrane  surf  ace  =  7 1.9  lbs/ft'^ 

.    ,  r  ,  o      2      214.3 

At  base  ot  the  tower  =  tan  p  =  -  =  ——— 

P  =  50°  *      1^1-^ 


a  =  -y/a^tan^/?  +  b-sec^i?  =  293.58 
Several  values  of 


-15°  -78 

-5°  -71 

15°  -78 

25°  -89 

35°  -131 

45° -209 

Summation  —722 


The  value  of  X=  -722x72x0.1745  rad  =  -9080 
Stresses  N^^J^^^  ^SS^SP  =  ^  =  15900 lbs/ft 

corresponding  comp  stress  Ng  —  ^^N^,  —  -^tanB  =939  lbs/ft 

oj  h 

a  (comp.  stress)  =  13  psi 

Due  to  self  weight  Nominal  steel  will  be  required. 

When  other  loads  are  applied  the  results  from  them  will  be  algebraically 

added.  Those  loads  may  be  wind  and  seismic  loads. 
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Computer    program:      Dynamic     wind    pressure     on     cooling 
tower    (NAZAM-4) 

C  *  Prepared  by  Liu,  checked  by  Y.  Bangash 

C  *  THE  SUBPROGRAM  FINDS  THE  DYNAMIC  WIND  PRESSURE  AT  * 

C  *  DIFFERENT  HEIGHTS  OF  THE  COOLING  TOWER  UNDER  THE  * 

C  *  BASIC  WIND  SPEED  100  MPH  (45  M/S) .  * 

C  *  THE  BASIC  WIND  SPEED  (V)  IS  THE  3-SECOND  GUEST  * 

C  *  SPEED  ESTIMATED  TO  BE  EXCEEDED  ON  THE  AVERAGE  * 

C  *  ONCE  IN  100  YEARS.  * 

C  *  TOPOGRAPHICAL  FACTOR  =  SI  * 

C  *  SHAPE  FACTOR  =  S  * 

C  *  STATISTICAL  FACTOR  =  S2  * 

C  *  FORCE  COEFFICIENT  =  CF  * 

C  *  DESIGN  WIND  SPEED  (VS)  =  V*S1*S*S2  * 

C  *  DYNAMIC  WIND  PRESSURE  (PW)  =  CF* 0 . 613*  (VS** 2)  * 

P  -k-k^-k-k-k^-k-k-k-k^k-k-k-k^-k-k-k^-k-k-k-k^k-k-k-kk-k-k-k^k-k-k-k-k^-k-k-k^-k-k-k^-k-k-k-k^-k 

c 

C    FUNCTION  SUBPROGRAM 

SUBROUTINE  WIND  (PW, A, B, T, ZE) 

V=4  5.0 

Sl  =  1.0 

S3=1.0 

Z=B*  (TAN  (T*0. 01745) ) 

C=(ABS (Z/B) )**2.0 

XX=(A*  (  (1.0+0**0.5)  ) 

H=ZE-Z 
C   HEIGHT/BREADTH==RATIO 

CALL  SHAPE  (S,H) 

SP=S1*S*S3 

VS  =  (V*SP) 

Q  =  0.613  *  ( (VS)**2.0) 

HB=H/ (XX+XX) 

CALL  COEF  (CF,HB) 

PW=(CF*Q)  /lOOO 

RETURN 

END' 

WRITE  (6,4) 

4  FORMAT  (///,  2X,  '  THETA'  ,  8X,  'BETA',  8X, 

'  MERIDI  NAL'  ,  8X,  *'  HOOP'  ,  13X,  'WIND') 
WRITE  (6,5) 

5  FORMAT  (27X,  '  FORCES'  ,  IIX,  '  FORCES'  ,  IIX,  '  PRESSURE'  ) 
WRITE  (6,  6) 
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6        FORMAT  (/,  2X,  '    (Deg.)'  ,  7X,  '   (Deg.)'  ,  7X,  '   (KN/m)'  , 

IIX,'  *'   (KN/m)'  ,  lOX,    (KN/m**2)'  /2X,  6  ('  *'  )  ,  7X, 

6  ('  *'  )   ,  6X,  9  ('*'),  *  8X,  10  ('*'),  7X,  9  ('  *'  )  ) 

DO  100  T=-15,45,10 

CALL  WIND  (PW,A,B,T,ZE) 

AA={X/Z)*  (y**2) 

Q=ATAN  (AA) 

H=SIN  (Q) 

K=COS   (Q) 

R1={Z**3)  /  (  (B**2)*  (Y**2)*  (K**3)  ) 

R2=X/H 

P=X/A 

PO=RU/A 

Z0=-  (HE-ZE) 

N=Z/B 

NO=ZO/B 

BB=(Y**2)  /  (  (P**2)*H) 

YP=  (  (Y**  2.0) -2.0)*  (P**3.0-PO**3.0)/(3.0*  (Y**2.0)  ) 

PD=PO-P 

OPN=(NO*PO)*  (N-NO) 

IL=N*  (ALOG( (N+P) /  (NO  +  PO) ) ) 
C        MERIDINAL  FORCES  DUE  TO  WIND  LOADING  =  ANPP 

ANPP=  (  (PW*A) /6.0)*BB*  (YP+PD-OPN+IL)  *  (COS  (AN)  ) 
C        HOOP  FORCES  DUE  TO  WIND  LOADING  =  ANXX 

ANXX=   (-1)*  (ANPP)*  (R2/R1)-  (PW*R2*  (COS  (AN)  )  ) 
C        TOTAL  MERIDINAL  FORCES  =  MSUM 

MSUM=ANPP+ANP 
C        TOTAL  HOOP  FORCES  =  HSUM 

HSUM=ANXX+ANX 

WRITE  (6,111)   T, F, MSUM, HSUM, PW 
111  FORMAT  (IX,  F6.2,  6X,  F7.2,  6X,  E10.3,  8X,  E10.3, 

8X,  F6.3) 
101  CONTINUE 
100   CONTINUE 

STOP 

END 

Q  ********  ***:Jr  ********************  ^Tkr^Tt-A-^A-Tt^Tt  +  ^TlrTkr^Jr  ****** 

C   *  SUBROUTINE  FOR  FORCE  COEFFICIENT 

n        **************************************************** 

SUBROUTINE  COEF  (CF,  HB) 

IF  ( (HB.GT.0.0)    .AND. (HB.LE.0.5) )  CF=0.70 

IF  ( (HB.GT.0.5)    .AND. (HB.LE.1.0) )  CF=0.70 

IF  ( (HB.GT.1.0)    .AND. (HB.LE.2.0) )  CF=0.80 

IF  ( (HB.GT.2.0) .AND. (HB.LE.4.0) )  CF=0.80 
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IF  ( (HB.GT.4.0) 
IF  ( (HB.GT.6.0) 
IF  ( (HB.GT.10.0) 
IF  (HE. GT. 20.0) 
RETURN 
END 


AND. (HB.LE.6.0) 
AND.  (HB.LE.IO.) 
.AND. (HB.LE.20. 


CF=0.80 

CF=0.90 

)    CF=0.90 

CF=1.00 


SUBROUTINE  SELF  (AND  ANY  ZE,  A,  B,  DENS  ANG) 
H=l/ (COS (TT) )**2 
C        LET  D  BE  ALPHA 

D=( (A**2)*  ( (ZE/B)**2)   +  (B**2)*  (H) )**0.5 

SUM=0 . 0 

DEF=-(A*  (B**2+A**2*  (SIN(T*0.01745))**2)**0.5)   / 

*  (B*  (COS(T*0.01745)**3)  ) 

SUM=SUM+DEF 

SG=SUM* ANG* DENS 

ANP=  (SG*D)   /   (A*H) 

ANX=  ( ( (A**2) / (D**2) )*ANP- (A**2/B)*  (ZE/B) ) 

RETURN 

END 


C 

C        *  SUBROUTINE  FOR  SHAPE  FACTOR  * 

Q      k:k:k-k-k-kk:k-k-k-k-kk:k-k-k-k-kk:k-k-k-k-kk:k-k-k:k-kk:k-k-k:k-k-k:k-k-k:kk-kir-k-k:k-k:k:k 


SUBROUTINE  SHAPE   (S,H) 


IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 
IF 


(H.EQ.O 
(H.GT.3 
(H.GT.5 
(H.GT.l 
(H.GT.l 
(H.GT.2 
(H.GT.2 
(H.GT.3 
(H.GT.3 
(H.GT.4 
(H.GT.4 
(H.GT.5 
(H.GT.6 
(H.GT.7 
(H.GT.8 
(H.GT.l 
(H.GT.l 


.0) 
.0) 
.0) 

0.0 

5.0 

0.0 

5.0 

0.0 

5.0 

0.0 

5.0 

0.0 

0.0 

0.0 

0.0 

00.0 

20.0 


.AND. 
.AND. 


(H.LE.3. 
(H.LE.5. 


AND.    (H.LE.10.0) 
.5.0 


.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 

.AND. 
.AND 
.AND 


(H.LE.l 

(H.LE.2 

(H.LE 

(H.LE.3 

(H.LE.3 

(H.LE 

(H.LE 

(H.LE 

(H.LE 

(H.LE. 7 

(H.LE. 8 

(H.LE.l 

(H.LE. 

(H.LE. 


0.0 

25.0 

0.0 


5.0 

0.0 

5.0 

0.0 

0.0 

0.0 

0.0 

00.0 

120.0 

140.0 


=0.73 
=0.78 
;=0.90 
S=0.94 
S=0.96 
S=0.98 
S=1.00 
5=1.02 
S=1.03 
S=1.05 
S=1.06 
S=1.08 
S=1.10 
S=l.ll 
)  S=1.13 
)  )  S=1.15 
)  )  S=1.17 
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IF  ( (H.GT. 140.0)    .AND.    (H . LE . 160 . 0) )  S=1.19 
IF  ( (H.GT. 160.0)    .AND.    (H .LE . 180 . 0) )  S=1.20 
IF  ( (H.GT. 180.0)    .AND.    (H.LE. 500 . 0) )  S=1.21 
RETURN 
END 

/  =  non-dimensional  length  of  the  meridian 

/,.  =  length  of  column 

Ml,  M2  =  meridional  and  circumferential  bending  moment 

n  =  harmonic  number  in  circumferential  direction 

Qx  =  effective  meridional  transverse  shear  force 

R  =  radius  of  parallel  circle 

R\,  R2  =  meridional  and  circumferential  radii,  respectively 

S  =  membrane  shear  force 

Ti,  T2  =  meridional  and  circumferential  membrane  forces,  respectively 

U,  V,  W  =  nondimensional  displacements,  ii/h,  v/h,  w/h,  respectively 

M,  V,  w  =  meridional  circumferential  and  normal  displacements,  respectively 

Z  =  vertical  coordinate  along  axis  of  revolution 

a  =  cot"'  (a/b) 

ocq  =  inchnation  of  columns  of  horizontal  in  their  own  plane 

fS  =  nondimensional  factor  of  order  of  10 

0  =  angle  between  normal  to  surface  and  vertical  axis 

II  =  Poisson's  ratio 

(j)  =  circumferential  angle 

ij/  =  meridional  angle  of  rotation 

Subscript  c  refers  to  summation  over  circumferential  length  (24.  cos  kq). 


Equivalence  method 

Considering  the  supporting  system  of  columns,  it  can  be  shown  that  its  equiva- 
lent uniform  stiffnesses  are 


Membrane  force,  Ti;  Ci  =  E , (AIF.57) 


Membrane  shear,  S;  Cn  =  E 
Bending  moment,  Mi.Di  =  E 
Torsion,  H;D\2  =  E 


Ic  COS  ao 
/)c(i(,  sinaocosao(l  — /'^) 

Ishv  ao         /  sinaocosao 
/fCOsao         Ic     (1  +/0 

4/  .  8       f 

—  sm  ao  cos  ao  + -— — r- 
Jc  (l+/i)4 


(AIF.58) 
(AIF.59) 
(AIF.60) 
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Ci/Co  =  1.16;         DylDo  =  43.7 
C,2ICd  =  0.154;     D.jID^  =  175 


M,  (lb) 


r,  (lb/ft) 
1000 


1.0  .98  .96  .94 
(d) 


Table  AIF.2 


Case  number 


Relative  stiffness 
(1) 


(Equivalence) 

(2) 


(3) 


(4) 


(C,/Co) 

(C,2/Co) 

(Dn/Do) 


1.16 
0.154 

43.7 
175.0 


1.19 
0.159 
1.60 
0.0 


0.12 
0.159 
16.0 
0.0 
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concrete  containment,  337-449 
pressure,  10-11,  26-27,  29-32,  36,  48-49, 
56-57,  64,  187-237, 239-332, 452, 495, 
498,  539,  546,  706 
reactor,  3,  5-6,  10,  12,  25,  27,  29,  34-37, 
52,  55-56,  64,  105,  187-188,  190, 
192-193,  211,  215,  239,  243-244, 
248,  254-255,  267-268,  272, 
275-295,  463,  474,  705,  707,  717,  719, 
723, 733 
Wylfa,  245 
Wylfa  spherical,  244 


Tables,  166,  594,  596,  700,  71 1 
Temperature  loads,  347,  468,  709,  718 
Tendon 

gallery,  338,  344,  391 

ruptured,  454 
Theory  of  elastic  thin  shells,  193 
Thermal  loads,  64,  246,  295,  346,  396 
Time  domain,  170-172,  459 
Time  step,  170,  172,  459-460,  463,  729,  735 
Top  chord,  626-627,  649-650 
Top  haunch,  272-273,  279,  294 
Tornado  borne  missile,  343,  350 
Tornado  loadings,  346 
'Transient'  wind,  553 
Transverse  forces,  596,  599,  603 
Transverse  spacing,  609 


U 

Ultimate  limit,  248,  266,  308,  319,  321, 

452-453,  608 
Ultimate  state  analysis,  452 


W 

Wall  design,  575,  579,  642 

Walls,  13,  17,  37,  64,  69,  118,  123,  187,  243, 

261,  263,  275,  308,  331,  337,  342-344, 

368,  558,  560,  562,  571,  574,  582,  584, 

591,669,693,719 
Web,  91,  140,  565,  597-601,  603,  613,  615, 

644,  727 
Wind-loading,  636-638 


Y 

Yield 

sections,  305,  315 

stress,  152,  182,  215,  227-228,  240 

surfaces,  147,  149 

transverse,  312 


Zircaloy  cladding,  217 


